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s report  describes  a study  of  mooring  load  monitoring  and 
on  systems  for  deepwater  ports.  The  study  considers  both 
Lete  systems  and  the  various  components  of  each  system.  The 
purpose  of  the  study  is  to  define  and  critically  compare  all 
e monitoring  and  prediction  systems  that  might  be  used  at 
deenwater  port  and  to  recommend  what,  if  any,  systems  should 
red  at.  such  ports.  The  study  is  primarily  directed  to  oil 
ermlnals  using  single  point  moorings  of  the^CALM,  SALM^and 
per,  but  alongside  moorings  and  LNG  ports  are  considered 
Factors  such  as  hawser  properties,  which  affect  allowable 
loads,  are  also  considered. 
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EXECUTIVE  SUMMARY 


A.  Objectives  and  Scope 

The  objectives  of  this  study  can  be  summarized  as  follows: 

(1)  Examine  all  existing  and  possible  methods  for 
monitoring  and  predicting  mooring  loads  at  deepwater  ports 
(DWPs). 

(2)  Define  and  critically  compare  suitable  candi- 
date mooring  load  monitoring  systems  (MLMSs)  for  U.  S.  DWPs. 

(3)  Define  and  critically  compare  suitable  candi- 
date mooring  load  prediction  systems  (MLPSs)  for  U.  S.  DWPs. 

(4)  Examine  areas,  such  as  hawser  properties,  which 
affect  allowable  mooring  loads  and  the  probability  of  mooring 
failure. 

Each  of  these  areas  is  addressed  in  this  study,  is  described 
In  the  report  and  is  summarized  below. 

B.  Review  of  Mooring  Load  Measurement 

During  this  study  it  was  determined  that  MLMs  are  avail- 
able for,  and  have  been  installed  at,  a wide  variety  of  port 
facilities.  These  include  single  point  moorings  (SPMs)  and 
alongside  moorings.  There  are  many  types  of  SPMs.  The  most 
common  types  are: 

(1)  Catenary  Anchor  Leg  Moorings  (CALMs) 

(2)  Single  Anchor  Leg  Moorings  (SALMs) 

(3)  Towers’ 

Alongside  moorings  at  DWPs  could  include  sea  islands  and 
storage  barges  moored  at  SPMs. 


The  U.  S.  Deepwater  Port  Act  of  1974  describes'  a deep- 
water port  as  an  offshore,  fixed  or  floating  man-made  structure 


; 

to  bo  used  as  a port  or  terminal  for  loading,  unloading  or 
handling  oil  for  transportation  to  any  state.  In  this  study, 
primary  emphasis  whs  placed  on  SPMs  facilities  which  are 
Ideally  suited  to  oil  Importation.  Ports  for  other  purposes., 
such  as  Importation  of  LNCI , are  considered  briefly. 

(1)  Fxl  sting  Mooring  Load  Monitoring  Systems. . Existing 
Ml. Ms  ire  generally  of  the  following  types: 

(a)  Systems  Installed  at  piers  for  making  simul- 
taneous load  measurements  in  many  lines. 

(b)  Systems  Installed  on  dedicated  ships  which 
visit  specific  SPM  terminals. 

(c)  Systems  installed  on  SPMs  which  t.elemeti  r 
hawser  load  data  to  the  ship,  ashore  or  to  a control  platform. 

The  last  type  le  of  primary  interest  for  U.  S.  PWPs,  but  some 
requirements,  capabilities  and  equipment  are  common  to  ill 
three  system  types.  In  addition,  operating  experience  with 
all  three  system  types  can  be  useful  in  determing  how  a MLMs 
can  be  used  most  effectively. 

Figure  ;»-2  is  a block  diagram  of  a typical  existing  MI  Ms. 
It  also  is  the  recommended  minimum  MLMs  for  use  at  U.  S.  deep- 
water ports. 

Table  3-1  is  a listing  of  MLMs  which  have  been  Installed 
on  SPM  terminals.  Table  3-2  is  a listing  of  MLMs  on  order  for 
SPMs.  Some  pertinent  observations  are: 


SPMs. 

sensors. 

m 1 s s 1 on . 


(a)  Most  systems  have  been  installed  on  CALM  type 

(b)  Strain  gaged  load  cells  are  the  preferred 

(c)  Radio  is  the  preferred  type  of  signal  trans- 
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(d)  Operating  experience  has  generally  been  good. 

Relatively  little  experience  has  been  obtained  with  systems 
installed  on  SALM  type  SPMs. 

(?)  Operating  Fxpcrience.  Discussions  with  terminal 
operators  indicate  that  properly  designed  KLMSs  work  reliably 
and  effectively.  They  provide  a basis  for  decisions  >n  when 
a ship  can  moor,  when  to  terminate  cargo  transfer,  and  wh<  n a 
ship  should  leave  the  moor.  At  many  facilities  a ship  cannot 
moor  or  remain  moored  if  the  MLK.S  is.  net  working. 

There  is  evidence  that  a KID'S  can  be  used  to  increase 
terminal  utilization.  This  is  because  a ship  could  st  ay  moored 
longer  when  the  mooring  loads  are  known.  Also,  some  t-.  rr.innis 
have  found  that  with  a ML  Mi’  the  ship's  rudder  can  be  u.  . 1 to 
reduce  yawing  and  the  resultant  peak  loads.  This  has  been 
found  effective  without  using  ship's  power. 

( 3)  Specif ! cation  and  Critical  Domna  r*  so--  -f  Qom- 

ponent  s . Figure  4-1  is  a block  diagram  of  a generalised  K.S. 
The  load  measurement,  data  handling,  load  warning  and  da: n 
display  subsystems  are  defined  and  specified  in  gee t ion 
Different  configurations  and  components  are  critically  eon- 
pared  in  Section  S of  the  report. 

Some  pertinent  notes  on  the  load  measurement,  e.ub systems 

arc : 

(a)  It  should  be  located  on  the  SPM  buoy. 

(b)  The  preferred  sensor  is  a strain  gaged  load 
cell  and  the  shear  pin  is  the  best  of  this.  type. 

(c)  The  sensor  should  be  located  at  the  buoy  end 

of  the  hawser. 


(e)  An  underwater  acoustic  link  is  preferred  for 

SAI.Ms. 

The  data  handling  subsystem  presents  no  particular  prob- 
lems ana  can  be  composed  of  readily  available  components. 

The  MLMS  must  have  an  effective  load  warning  subsystem, 
and  experience  has  shown  that  human  surveillance  of  data  dis- 
plays alone  is  not  adequate.  Some  pertinent  notes  on  the 
warning  subsystem  are: 

(a)  It  will  consist  of  warning  devices  (typically 
both  aural  and  visual),  a transmission  link  between  the  con- 
trol center  and  ship,  a suitable  logic,  software  and  hardwar. 
for  activating  devices  and  perhaps  a means  for  deacti. nting 
warning  signals. 

(b)  Warning  devices  should  be  installed  at  several 
locations  (including  the  ship's  bridge)  and  must  unequivo- 
cally direct  attention  to  the  existence  of  a dangerous  situa- 
tion or  a condition  of  imminent  danger. 

(c)  Four  conditions  requiring  issuance  of  a warning 

are:  the  detection  of  a hawser  failure  or  MLMS  failure,  mea- 

surement of  load  exceeding  an  allowable  maximum,  prediction  of 
load  exceeding  an  allowable  maximum  and  measurement  of  load 
reaching  80  to  00  percent  of  allowable  maximum. 

The  first  two  conditions  of  item  (c)  require  decisive  action, 
i.e.,  immediate  termination  of  cargo  transfer  operations  and 
an  immediate  decision  on  whether  the  ship  should  leave  the 
mooring.  The  last  two  conditions  of  item  (e)  act  as  a cue  to 
port  personnel  and  the  ship's  master  to  review  load  records, 
wind  and  wave  conditions,  and  the  ship's  yawing  motions.  They 
may  also  carry  out  actions  to  reduce  loads  and  alert  cargo 
handling  personnel.  A warning  system  is  required  which  clearly 
differentiates  between  the  two  types  of  situations. 
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The  data  display  in  present  systems  generally  is  a strip 
chart  recorder.  For  U.  S.  DWPs  the  recommended  data  display 
subsystem  will  have  the  following  characteristics: 

(a)  A strip  chart  recorder  or  oscilloscope  and 
magnetic  tape  recorder  will  be  used  in  the  control  room. 

(b)  A CRT  terminal  and/or  digital  r ters  ri  eull 
also  be  used  in  the  control  room. 

(c)  A small  lightweight  osci 1 loscope , for  display- 
ing recent  load  history,  and/or  digital  meters  will  be  used 
aboard  ship. 


It  is  not  only  possiblt  to  obtain  a good 
DWP  use;  it  should  be  required. 

C.  Rev'ew  of  Mooring  I.o  1 Ps-' 1 '.c t ! . si 


A deepwater  port  mooring  load  prediction  \vstem  ^ 

will  be  used  to  predict-  future  hawser  loads.  n addition,  it 
may  be  used  to  predict  allowable  hawser  loads  based  on.  hawser 
condition,  age,  loading  history  or  current  details  of  loading. 
Any  method  for  predicting  mooring  loads  at  a-  future  time  will 
probably  be  based  on  .1  predict 'on  of  the  expected  environment 
at  that  time,  as  well  as  a means  for  predicting  the  load  as  a 
function  of  environment  and  shin  ch.araet  eristics. 


( 1 1 Peso  r 1 p t 1 on  o f 


ng  1 oad  Predict  1. 


Mooring  load  prediction  methods  range  from  a simpli 


human 


extrapolation  to  complex  theoretical  or  highly  developed  em- 
pirical methods.  Table  6-1  presents  a ehnr.ae teri  . a t i on  of 
five  prediction  methods  listed  in  order  of  increasing  period 
of  applicability  and  complexity.  The  first  method,  human 
extrapolation,  is  the  only  know  11  method  in  use  at  existing 
PWPs.  It  is  based  on  human  judgment  and  synthesis  of  the 


following  information: 


(a)  Most  recent  peak  hawser  load. 

(b)  Rate  of  change  of  hawser  loads. 

(c)  Rate  of  change  of  wind  velocity. 

(d)  Yawing  motion  of  the  ship. 

The  other  methods  are  described  in  detail  in  Section  6 and 
Appendix  D of  the  report. 


(2  ) Spec! f 1 oa tion  and  Critical  Comparison  of  *: 
Load  Prediction  Systems  (MLPSs).  A MLPS  with  an  aut 
short-term  extrapolation  method  is  recommended  for  i 
use  at  U.  S.  DV.’Ps.  This  is  primarily  an  empirical  t 
which  uses  the  following  data: 


■or  ir.g 
cm a ted 
.nitial 
echnique 


load. 


(a)  Present  wind  speed,  wave  height  and  hawser 


(b)  Variation  of  item  (a)  parameters  over  a pre- 
ceding period  (ssy  one  hour''. 

(c)  Predicted  change  in  wind  speed  over  a follow- 
ing period  (say  one  hour). 

(d)  Empirical  trends  in  hawser  load  with  wave 
height  and  wind  speed. 

Computer  programs  using  various  extrapolation  techniques  can 
be  developed. 

The  medium-term  extrapolation  methods  would  probably  be 
an  extension  of  a short-term  method  or  an  empirical  method 
such  as  the  EXXON  energy  method.  Such  medium-term  methods 
would  be  used  after  a DWP  has  been  in  operation  for  some  per- 
iod of  time. 


Long-term  prediction  methods  can  be  either  empirical  or 
theoretical.  The  accuracy  of  predictions  decreases  as  the 
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term  of  prediction  Increases.  At  the  present  time  only  emplr 
met ho  is  have  acceptable  accuracy,  but  the  time  required  to 
acquire  needed  data  and  the  amount  of  computer  storage  reduce 
the  attract tveness  of  such  empirical  methods. 

The  various  mooring  load  prediction  systems  are  ranked  1 
Tab  1 e 7 - 1 . 


P.  Potorm  lnat  1 on  of  Allowable  Mooring  Toads 

Hawser  elastic  properties  and  breaking  strength,  are 
function  of  rope  eondlt.  Lon,  age,  loading  history  and  loading 
rate.  Allowable  hawser  load  and  warning  load  levels,  'heui ; 
take  these  factors  Into  account.  In  addition,  the  cendltic 
of  a ship's  mooring  fittings,  if  definable,  should  be  facton 
into  the  warning  level. 
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Repeated  cyclic  loading  of  the  hawser  will 
decrease  in  hawser  strength  with  ago,  as  discus 


result  in  a 
ed  in  the 
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EXXON  Phase  I report.  This  decreased  strength  can  affect 
allowable  hawser  load  in  several  ways: 

(a)  Repeated  cyclic  loadings  at  a level  well  below 
static  strength  can  result  in  failure  at  that  level. 

(b)  After  repeated  cyclic  loadings  at  a level  in- 
sufficient to  produce  failure,  static  breaking  strength  will 

be  reduced. 

(c)  After  repeated  cyclic  loadings,  total  breaking 
energy  will  be  reduced,  reducing  breaking  strength  for  dynamic 
or  shock  loadings. 

j 

The  behavior  of  synthetic  ropes  under  cyclic  loading  is  not 
well  understood;  however,  some  guidance  can  be  obtained  from 
available  cyclic  loading  test  data. 

Maximum  hawser  loads  usually  occur  as  a result  of  large 
motions  of  the  moored  ship.  These  motions  can  produce  sudden 
hawser  snatch  or  impact  loads.  Existing  MLMSs  probably  do  not 
accurately  indicate  or  display  high  loading  rates  and  instan- 
taneous maximum  loads. 

The  extent  to  which  high  loading  rates  can  precipitate 
hawser  failures  is  not  known.  Experimental  results  for  syn- 
thetic ropes  up  to  three-inch  circumference  indicate  that  a 
significant  reduction  in  breaking  strength  can  occur  at  high 
loading  rates. 

The  influence  of  ship  mooring  fitting  strength  on  allow- 
able mooring  load  is  discussed  in  the  EXXON  Phase  I report. 

Clearly  the  hawser  load  should  not  exceed  a safe  fitting  load, 
which  is  defined  as  one-half  the  ultimate  capacity  of  the 
fitting.  The  hawser  and  all  mooring  fittings  must  be  compat- 
ible to  ensure  that  the  full  strength  of  the  mooring  can  be 
utilized. 

-viii- 
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(2)  Warning  Levels.  As  noted  in  report  Section  U.4,  it  i 
proposed  that  the  load  warning  system  incorporate  two  distinct 
warning  levels  and  signals.  The  first,  would  indicate  the  prob 
ability  of  occurrence  of  an  excessive  load  in  the  near  future, 
the  need  for  extreme  vigilance  and  the  need  for  any  available 
actions,  such  as  rudder  steering,  to  reduce  loads . The  second, 
would  indicate  the  occurrence  of  an  excessive  load  and  the  need 
for  immediate  termination  of  cargo  transfer  operations.  It  is 
proposed  that  these  warning  levels  be  set  as  follows: 

(a)  First  Level:  Measured  load  reaches  60  to  70 
percent  of  allowable  load,  as  described  in  report  Section 


or  predicted  load  during  the  next  30  minutes  reaches  &0  per- 
cent of  allowable  load. 

(b)  Second  Level:  Measured  load  reaches  8o  to  po 
percent  of  allowable  load,  as  described  in  report  Section  •, 
or  predicted  load  during  the  next  30  minutes  reaches  10C  per- 
cent. of  allowable  load. 

If  only  or.e  warning  level  is  used,  it  should  be  set  at  the  fir: 
level. 

E.  Recommendations  for  Further  Studv 


In  the  Exxon  Phase  I report  (Flory,  et  a!.,  1977}  four 
topics  dealing  with  the  strength  of  ropes  are  recommended  for 
further  reaeearch.  These  are: 

(1)  Establish  test  procedures  for  large -diameter 
synthetic  ropes. 

(2)  Develop  large-diameter  synthetic  rope 
propert ies . 

( 3 ) Develop  nondestructive  means  and  practices  for 
determining  new-rope  strength. 
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(4)  Develop  means  and  practices  for  determining 
used-rope  strength. 

These  topics  are  still  considered  of  great  importance.  Based 
on  the  research  carried  out  in  the  present  study,  five  addi- 
tional areas  are  recommended  for  further  investigation: 

(a)  Determine  the  dynamic  strength  of  new  and 
used  synthetic  rope. 

(b)  Consider  the  impact  of  unique  features 
of  LNG  ports  on  MLMS  and  MLPS. 

(c)  Develop  criteria  for  ship  mooring  and 
unmooring  requirements. 

(d)  Determine  the  ambient  acoustic  environ- 
ment for  SPMs. 

(e)  Develop  empirical  prediction  methods. 

F.  Ccnclu.~io.ns  end  Recommendations 

Eased  on  the  results  of  this  study,  a number  of  conclu- 
sions seem  worthy  of  special  note.  These  include: 

( 1 ) Mooring  Load  Monitoring  Systems  (MLMS). 

(a)  All  U.  S.  DWPs  should  have  an  MLMS. 

(b)  This  MLMS  should  have  the  following  capa- 
bilities and  characteristics: 

_1 . A display  of  load  time  history 
covering  at  least  one  hour  should  be  provided. 

2_.  Aural  and  visual  warning  devices 
should  be  provided  at  the  control  center  and  on  the  ship. 

3.  Voice  radio  communication  should  be 
provided  between  the  control  center  and  ship. 


4_.  The  load  sensor  should  be  at  the  buoy 

end  of  the  hawser. 

(c)  The  most  critical  component  of  the  V ' MS  1 ■ 
the  buoy  control  center  transmission  link. 

_1_.  For  CALMs  and  towers  a well  design  I 
radio  link  should  be  reliable  and  is  recommended. 


2.  For  SALMs  an  underwater  acoustic  link 
is  recommended,  but  there  are  potential  problems  with  s'. --".a! 
corruption  and  a relay  will  probably  be  required. 

(d)  Overall  MLMS  accuracy  should  be  f!v< 

percent . 

(c)  Overall  MLMS  maximum  frequency  r>  spon.-e 
should  be  0.5  Herts. 

(2 ) Mooring  Load  Prediction  system  ;MlPf^ 

(a)  A long  term  MLFS  is  not  requ i rod  for  i 
U.  S.  DWP,  due  to  the  short  times  required  to  terminate 
operations,  but  it  is  recommended  that  an  empirics  1.  sb.o r - 
or  medium-term  MLFS  be  used  at  a PWF. 

(b)  It  seems  feasible  to  develop  empiric- 1 
methods  which  have  adequate  accuracy  and  which: 

1_.  Have  modest  computer  hardware  and. 
software  requirements . 

2.  Can  be  updated  and  improved  as  oper- 
ational data  arc  obtained. 

(c)  Careful  processing  of  measured  load  .1"  ‘ a 
is  required  for  empirical  MLPSs . 

(d)  Long-term  (six  t.o  hS  hourl  MLPSs  are  not 
required  and  suitable  predlctional  schemes  will  be  difficult 
to  develop. 
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(e)  Methods  for  predicting  wave  heights, 
required  for  any  MLMS,  are  available,  but  may  have  significant 
computer  hardware  and  software  requirements. 

( 3)  Environmental  Measurements 

(a)  Measurements  of  wind  speed  and  direction, 
current  speed  and  direction,  and  wave  height  are  required  for 
decision  making. 

(b)  Weather  predictions  and  a means  fcr  pre- 
dicting wave  heights  are  needed  for  any  MLPS. 

( - ) DWP  Operational  Factors 

(a)  Hawser  loads,  rather  than  buoy  loads, 
should' limit  DWP  operations. 

(b)  Allowable  hawser  loads  depend  on  synthetic 
rope  properties  and  may  be  significantly  reduced  by  high  load- 
ing rates. 

(c)  There  is  a need  to  establish  criteria, 
based  on  hawser  loads  and  environmental  conditions,  for  deter- 
mining when  to  moor,  to  terminate  cargo  transfer  operations 
and  to  leave  the  mooring. 

( 5 ) Types  of  PWF 

(a)  SALMs  offer  greater  difficulties  for  MLMS s 
than  do  CAL Ms,  towers  or  alongside  moorings. 

(b)  LNG  DWPs  will  probably  use  floating  plat- 
forms and  will  probably  be  quite  different  from  oil  DWFs. 
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SKCTION  l 
1 NTKPPPGT  1 ON 

Tin'  U.  Goast  Guard  ha;  , subsequent  to  enactment  of  the 
"Peepwa ti'r  Port.  Aft  of  19YV  ^Pu  93-697),  boon  assigned  and 
bar.  accepted  iv  spoils  i b I 1 1 ty  for  moat  aspect:-,  of  U.  S.  deep- 
water portr.  (PWPs).  Two  app  1 Lea t l oin;  for  deepwater  port 
lifeline;  weft'  received  by  the  Coast  Guard  ill  1.976,  arid  in 
January  P>77  lleenf.es  weft'  offered  to  I, OOP,  Incorporated  and 
Oe-alt'ek  for  eons  t rue  t Ion  and  operation  of  ports.  LOOP 
ice  pil'd  its.  I I cense  In  August  1977;  this  acceptance  obligates, 
loop  to  bu  i 1 d a PWP  In  the  Gulf  of  Mexico  off  the  cons  t.  of 
I pul s I ana . 

I . I Pn  epos c o P 'I’h  I s.  p.  I udy 

rht>  (Vast  Guard  Is  responsible  for  Insuring  the  safe 
operation  of  any  U.  P>.  PWP.  The  PWP  moorings  have  an  impor- 
tant influence  t'ii  safety,  particularly  safety  of  the  envlron- 

i * 

ment,  and  on  port  ut. ill. ‘.at  It'n  or  efficiency.  The  moorings 

i l 

mus  t be  adequate  to  withstand  the  large  forces,  a s.s.oe  I a t.e.i 
with  mooring  of  ships  up  to  ypO.OOO  deadweight  (PWT)  displace- 
ment at  an  exposed  location  subject  to  severe  wind,  waves 
and/or  current,  conditions. 

j,  The  high  cost  of  suspending  or  delaying  PWP  operation 

will  product'  economic  pressures  to  resist  or  postpone,  as 

long  as  possible,  any  actions  whit'll  decrease  PWP  utilisation. 

These  actions,  could  range  from  termination  of  cargo  transfer 
for  one  ship  to  closing  of  the  PWP.  Postponing  action  can 
Increase  the  danger  of  accidents.  I t is,  therefore,  essen- 
tial t.o  provide  a rational  basis,  largely  Independent  of  human 
biases,  for  making  decisions  affecting  PWP  utilisation. 
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Most  operational  DWPs  use  single  point  moorings  (SPMs). 
Proposed  U.  S.  DWPs  will  use  SPMs.  The  ship  to  buoy  hawser  is 
widely  recognised  as  the  weak  link  in  the  SPM.  Failure  of  the 
hawser  can  easily  lead  to  discharge  hose  damage  or  failure, 
with  a resulting  cargo  spill,  and  can,  in  some  cases,  lend  to 
SPM  buoy,  DWP  platform  or  ship  damage.  Therefore,  it  is 
necessary  to  provide  a sound  technical  basis,  for  determining 
when  mooring  loads  reach,  or  are  about  to  reach,  an  unsafe 
level.  The  purpose  of  the  present  study  is  to  evaluate  and 
recommend  systems  for  monitoring  (measuring)  and  predicting 
DWP  mooring  loads. 

1 . ? Objectives  and  ,'Vqpo  of  This.  Ptndy 

The  objectives  of  the  study  were  based  on  the  require- 
ments of  the  original  Coast  Guard  HIT  (Cll  6}Jl‘>7-A),  the 
HYPRONAUTICS  proposal  in  response  to  that  request  (Proposal 
33.1073)  and  on  meetings  during  the  course  of  the  contract 
between  Coast  Guard  and  HYPR0NAUT10G  personnel. 

The  objectives  of  this  study  can  be  briefly  summarised 
as  follows: 

(a)  Review  existing  methods  for  monitoring  and 
predicting  mooring,  loads  at  appropriate  types  of  deepwater 
port  facilities. 

(b)  Examine  other  proposed  or  possible  methods  for 
monitoring  and  predicting  mooring  loads. 

(c)  Define  suitable  candidate  mooring  load  monitor- 
ing systems,  including  all  subsystems  and  components  of  each 
system. 

(d)  Rank  these  candidate  mooring,  load  monitoring 
systems,  based  on  performance,  reliability,  maintainability 
and  cost,  and  recommend  what,  if  any,  system  should  be  in- 
stalled at  a II.  S.  deepwater  port. 
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(e)  Define  suitable  candidate  mooring  load  pre- 
diction systems,  including  subsystems  and  components. 

(f)  Rank  candidate  mooring  load  prediction  systems, 
based  on  potential  accuracy,  hardware  and  software  require- 
ments, and  cost,  and  recommend  what,  if  any,  system  should  be 
installed  at  a U.  S.  deepwater  port. 

(g)  Examine  areas,  such  as  hawser  properties, 
which  affect  allowable  mooring  loads  and  probability  or  moor- 
ing failure. 

Each  of  these  areas  has  been  addressed  in  this  study  and  is 
described  in  this  report. 

1 . 3 Brief  Nummary  of  EXXON  Phase  I Report 

The  present  study  is  the  second  phase  of  a Coast  Guard 
research  program  on  deepwater  port  mooring  design  and  loads. 

It  is  closely  related  to,  and  draws  upon,  the  first  phase 
study  carried  out  by  EXXON  Research  and  Engineering  Company 
(Flory,  et  al.,  1977).  This  report  is  briefly  summarized 
be  low. 

The  EXXON  report  provides  guidelines  for  the  design  of 
a deepwater  port  single  point  mooring.  It  is  divided  into 
three  general  topic  areas: 

(a)  Factors  influencing  SPM  mooring  loads  and  the 
determination  of  such  loads  using  model  tests,  the  only  method 
currently  acceptable  for  load  determinations  according  to  the 
report. 

(b)  Factors  which  might  limit  maximum  permissible 
mooring  loads  including  mooring  procedures,  mooring  fittings 
on  the  ship,  condition,  inspection  and  replacement  of  the 
hawser,  and  human  factors. 
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(c)  Guidelines  for  evaluating  mooring  system  de- 
signs, with  emphasis  on  the  hawser,  and  particularly  on  the 
hawser  rope  and  fittings. 

In  addition,  background  information  on  several  areas  related 
to  prediction  and  measurement  of  mooring  loads,  including 
description  of  random  ocean  waves  and  available  facilities 
for  testing  ropes  and  for  modeling  ships  at  a SPM,  are  de- 
scribed in  Appendices.  A detailed  glossary  of  terms  associ- 
ated with  DWPs  and  SPMs  is  also  given. 

1 . h HYDRONAUT  ICS,  Incornora t.>*d  Trin  Reports 

A significant  part  of  the  results  described  in  this  re- 
port were  obtained  during  or  as  a direct  result  of  visits  by 
HYDRONAUTICS  personnel  to  various  companies  and  laboratories 
in  the  U.  S.  and  in  England.  It  was  not  feasible  to  put  all 
of  the  resulting  trip  reports  into  a form  suitable  for  public 
distribution.  Hence,  it  was  decided  not  to  cite  specific  trip 
reports  as  references  as  was  done  in  the  EXXON  Phase  I Report 
(Flory,  et  al.,  1977). 
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SECT  I ON  2 


TYPES  AND  CHARACTERISTICS  OF 
DEEPWATER  POUTS  AND  MOORINGS 

Today  a wide  variety  of  DWPs  are  In  use  around  the  world. 
These  Include  man-made  sea  Islands  and  various  types  of  SPM's 
which  handle  oil  and  slurries.  DWPs  for  liquified  gases  are 
under  active  consideration.  U.  S.  Interest  to  date  has  been 
primarily  in  oil  import  terminals,  but  interest  in  DWPs  for 
liquified  natural  gas  (PNC)  is  growing.  Existing  facilities 
and  the  most  suitable  typos  of  ports  and  moorings  for  U.  S. 
applications  are  considered  in  this  section. 

P.  1 REVIEW  OE  E X I ST  INC  W0H1.PW  IDE  DWPs 

Existing  worldwide  DWPs  are  primarily  of  the  single  point 
mooring  (PPM)  typo  and  are  used  almost  exclusively  for  oil 
import,  export  and  production.  Several  SPMs  for  ore  slurry, 
and  several  sea  island  DWPs  are  in  use,  however. 

A 7'eoont  article  (LeBlanc,  1977)  gives  a listing  and 
description  of  more  than  POO  SPM  oil  DWPs.  Eighty-five  percent 
of  these  SPMs  arc  CALMs  (catenary  anchor  leg  mooring  buoys). 

The  other  facilities  include  IP  SALMs  (single  anchor  leg  mooring 
buoys),  seven  towers,  five  articulated  columns  and  eight  other 
SPMs  which  are  variations  of  the  CALM  and  PA  LM  concepts. 

Recently,  there  has  been  much  greater  interest  in  and  use  of 
SALMs  due  to  their  greater  suitability  for  deep  water  depths 
and  their  apparent  cost  advantage  over  CAiMa. 

CAIM  and  PALM  concepts  are  described  in  detail  in  the 
Exxon  Phase  I report  (Flory,  et  al,  1977)  and  elsewhere.  Brief 
descriptions  of  CALMs  and  SALMs  are  given  below: 

CAIM  - The  ship  is  moored,  through  a hawser  and  buoy  mounted 
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swivel  or  turntable,  to  a buoy  which  is  moored  to  the 
sea  floor  by  multiple  anchors  and  catenary  moorings. 

SAI.M  - The  ship  Is  moored,  through  a hawser,  to  a buoy  which 
Is  moored  to  a sea  floor  base  or  anchor  by  a single 
tensioned  chain  or  a rigid  link  which  contains  one  or 
more  swivels. 

Other  SPM  types  include  the  Single  Buoy  Storage  (SBS)  and  Single 
Anchor  Leg  Storage  (SALS)  systems  which  consist  of  an  oil  storage 
ship  attached,  ususally  through  a rigid  link,  to  CALM  and  SA1.M 
buoys , respectively.  Articulated  Loading  Plat  forms  (ALPl  and 
Articulated  Column:  which  cams.  1st  of  a bottom  fixed,  articulated 
tower  or  columnar  structure,  and  spar  buoys  which  are  large 
buoys  providing  large  storage  capacity.  In  general,  a rig, id 
link  is  used  between  the  ship  and  buoy  only  when  the  ship  is 
used  for  storage  or  produetion,  and  will  only  infrequently  be 
dlseonneeted  from  the  buoy. 

TYPK:'  OP  DUPs  AND  MOPKINLP  CON:’ 1 PPKKP 

The  U.  S.  Deepwater  Ports  Act  of  197-1  deserlbes  a deepwater 
port  as  an  offshore,  fixed  or  floating  man-made  structure  t .o  be 
used  as  a port,  or  terminal  for  loading,  unloading  or  handling 
oil  for  transportation  to  any  location  In  the  U.  S.  In  this, 
study,  facilities  which  may  be  appropriate  to  other  products, 
such  as  coal  or  ore  slurries.,  liquified  petroleum  gas  (l.Pii)  or 
liquified  natural  gas  (LNO),  are  briefly  addressed. 

As  current  U.  S.  interest  in  DWPs  is  primarily  for  oil 
importation,  this  study  has  placed  primary  emphasis  vmi  CALM, 

SALM  and  tower  type  BPMs,  which  are  ideally  suited  to  this  pur- 
pose. It  has  been  assumed  that  the  ship  and  S PM  are  connected 
by  a hawser,  rather  than  a rigid  link,  although  much  of  the 
lend  monitoring  technology  discussed  is  also  appropriate  to  a 


rigid  link. 


Multi-point,  alongside  moorings,  for  which  there  exists  a 
well  developed  mooring  laid  monitoring  and  prediction  technology, 
are  considered  briefly.  Such  moorings  would  be  used  at  sea 
island  and  possibly  at  LNG  PWPs,  which  combine  cargo  transfer 
and  storage  capabilities,  (Tat-ge,  et  al,  1977). 

STMs  use  two  moorings,  the  buoy  mooring  and  the  buoy-ship 
mooring.  Based  on  various  factors  discussed  below,  it  was 
decided  to  consider  in  detail  only  the  buoy-ship  hawser.  Most 
of  these  factors  were  based  on  discussions  with  SPM  designers 
and  matin  facturers  of  8PM  had  monitoring  equipment. 

!.  The  buoy  mooring  is  designed  by  well  developed  methods 
(ABS,  107G)  which  incorporate  relatively  conservative 
factors  of  safety. 

'.  The  buoy  mooring  is  generally  subject  to  less  abuse 
and  is  capable  of  withstanding  much  more  abuse  than 
the  hawser  and,  unlike  the  hawser,  is  not  subject  to 
loss  of  strength  through  exposure  to  sunlight  and  oil 
or  through  cuts  and  abrasion. 

1.  Breakouts  due  to  mooring  failures,  appear  to  have  been 
caused  primarily  by  hawser  or  ship  fitting  failure, 
rather  than  buoy  mooring  or  buoy  fitting  failures. 

H . A mooring  Load  monitoring  system  in  the  buoy-ship 
mooring  is  more  easily  serviced  and  is  less  subject 
to  damage  than  one  in  the  buoy  mooring. 

Analysis  of  the  LOOP/Soadock  model  data  (Remery  and 
Wlchers,  1975)  provided  further  justification  for  this  decision. 
These  data  indicate  that  the  buoy  mooring  consistently  operates 
at  a lower  percent  of  its  breaking  load  than  does  the  hawser 
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Failure  of  the  buoy  or  buoy  mooring  when  no  ship  is  moored 
is  generally  a less  serious  safety  problem.  At  a SALM  facility 
the  discharge  hoses  can  be  completely  flushed  with  sea  water. 
Oil  can  be  spilled  only  during  discharge  operations.  At  a CALM 
facility  flushing  of  the  hoses  is  not  possible  and  a failure, 
even  of  an  unoccupied  buoy,  can  result  in  a spill. 


i 

1 

j 

i 
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SHUT  I ON  1 

UKVrKW  OF  PUT  MOORING  LOAD  MKADURFMKNTD 
3.1  INTRODUCTION 

The  mooring  system  for  any  type  of  port  facility  is  com- 
posed of  a number  of  elements  which,  combined  with  the  vessel, 
constitute  a complex  mechanical  system.  This  system,  excited 
by  forces  due  to  wind,  waves  and  currents,  can  be  considered, 
in  terms  of  classical  mechanics,  as  a dynamic  network.  Two 
methods  for  describing  the  dynamic  behavior  of  the  SPM-ship 
system  are  given  in  the  references  (Pi Ison,  197-0;  Flory,  et  al. 
1977 ) . 

The  purpose  of  making  load  measurements  in  mooring  systems 
is  to  determine  static  and  dynamic  forces  acting  on  the  various 
elements  and  to  ensure  that  these  forces  do  not  become  great 
enough  to  cause  damage  or  failure  of  any  element.  Failures  which 
Lead  t,  dangerous  or  environmentally  damaging  situations, 
particularly  oil  spills  and  perhaps  LNG  spills,  are  of  greatest 
concern . 

Discussions  of  operating  experience  with  mooring  component 
designers  and  manufacturers,  rope  manufacturers,  and  operators 
of  deepwater  ports  have  generally  singled  out  the  hawser  assembly 
as  the  component  of  primary  concern.  In  particular  the  rope, 
rather  than  chafing  chains,  shackles  or  other  hardware,  is  viewed 
as  the  component  most  likely  to  break.  Ideally  load  measurements 
should  be  made  In  the  rope.  Although  this  has  been  considered, 
it  has  not  been  done  to  date  because  of  the  hostile  environment 
for  and  the  high  probability  of  damage  to  an  in-rope  transducer. 
Systems  presently  in  use  make  force  measurements  at  or  near  one 
end  of  the  hawser  assembly.  Equipment  in  use  or  planned  for  the 
various  types  of  deepwater  port  facilities  are  listed  in  Tables 
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3-1,  3-?  and  3-3. 


3.2  EQUtPMKNT  IN  HSF  OR  PLANNED  FOR  CA  LMS 

Table  3-1  lists  most  of  the  load  monitoring  equipment 
which  has  been  used  on  SPMs  around  the  world.  This  table, 
together  with  Tables  3-2  and  3-3,  provides  a good  survey  of 
existing  mooring  load  monitoring  techniques.  It  is  obvious 
from  Table  3-1  that  most  of  the  load  measurement  experience  has 
been  at  facilities  which  use  CALMs.  This  is  not  surprising 
since  % percent  of  all  SPM  installations  are  of  the  CALM  type . 

It.  is  also  obvious  that  strain  gage  load  cells  are  the  pre- 
ferred sensors  and  radio  is  the  preferred  method  of  signal 
transmission.  The  type  of  sensor  used  is  not  strongly  dependent 
upon  the  type  of  mooring;  however,  the  type  of  signal  transmis- 
sion is  strongly  dependent  upon  the  type  of  mooring  and  the 
general  layout  of  the  port.  Radio  transmission  works  well  with 
CALM  buoys  since  the  buoy  deck  is  rarely,  if  ever,  submerged. 

It  .is  possible  to  lose  the  radio  signal  for  a short  period  if 
a very  large  wave  washes  over  the  antenna,  but  the  frequency  of 
occurrence  is  too  small  to  be  a problem. 

Tiie  operating  experience  with  load  monitoring  equipment 
on  CALM  buoys  has  generally  been  good.  Table  3-1  gives  a 
summary  of  the  equipment  with  comments.  Some  pertinent 
observations  on  equipment  type  and  problems  are: 

1.  Two  types  of  transducers  have  been  used  successfully 
in  sensors.  Shell  used  a linear  variable  differential 
transformer  (LVDT)  transducer  at  Anglesea.  All  other 
CALM  installations  have  used  strain  gage  load  cells. 

2.  Radio  has  generally  worked  well  for  signal  transmis- 
sion. 1M0DC0  has  experienced  some  difficulty  with 
drift,  but  the  source  and  type  of  drift  was  not  specified. 
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3.  The  ship  can,  in  sane  positions,  block  VHF  or  UIIK 
radio  transmission;  however,  at  the  Algerciras 
facility  this  problem  was  cured  by  changing  to  HP 
radio  (27  MHz)* 

In  addition  to  the  facilities  listed  In  Table  S- I many  of 
tin'  dedicated  ships  with  systems  described  in  Table  < operate 
at  facilities  with  CAI*M  buoys. 


EQIU'FMENT  IN  USE  OK  PTANNFP  FOR  BA  LMs 


Although  the  BALM  is  a relatively  recent,  design  of  0 PM 
(first  installation  in  Libya  during  IPbQl,  it  use  is  growing 
rapidly  since  it  appears  to  be  better  suited  for  deep  water  use 
and  more  economical  than  a PALM.  The  SALM  concept  is  especially 
important  to  this  study  because  it  was  the  preference  of  both 
LOOP  and  SEADOCK,  in  the  environmental  analyses  accompanying 
their  license  application.  To  date,  very  few  load  monitoring 
systems  have  been  installed  on  SALMs. 


The  British 


Nationa  l 

N J\  *-»  c» 


Oil  Company  Th i s t le  Fie  Id  fac  1 1 i.  ty 
load  monitoring  system  which  was 


installed  In  1977*  The  buoy  is  anchored  by  an  articulated 
riser  with  two  universal  joints,  rather  than  by  a chain.  This 
buoy  was  designed  to  moor  ships  up  to  80,000  PWT,  but  will  be 
used  for  ships  up  to  120,000  PWT . Consequent ly,  it  was  decided 
to  measure  t lie  angles  of  the  two  riser  legs,  in  addition  to  the 
hawser  loads,  to  ensure  the  angles  of  the  riser,  buoy  were  not 
excessive.  The  load  sensor  is  a strain  gaged  shear  mooring  pin 
on  the  buoy,  and  the  angle  transducers  are  pendulum  Inclino- 
meters. The  load  sensor  and  the  angle  transducer  for  the  upper 
half  of  the  riser  .are  connected  by  armoured  cable  to  a water- 
proof electronics  package  mounted  on  the  buoy  deck.  The  output 
of  this  electronics  package  is  fed  to  an  acoustic  transmitter. 


1 
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Once  every  second  data  is  transmitted  to  the  ship.  Upon  receipt 
of  this  data  the  shipboard  electronics  transmits  an  interrogate 
pulse  to  one  of  the  lower  riser  leg  transponders.  The  appropri- 
ate transponder  is  turned  on  and  a data  point  is  transmitted. 
After  transmitting  data, this  transponder  returns  to  the  listen- 
ing mode.  Two  other  systems  (which  are  about  to  be  installed 
on  CAI.Ms)  are  listed  in  Table  ?-?. 

Although  no  significant  operating  experience  has  been 
obtained  with  any  of  these  systems,  their  designs  emphasize 
the  differences  between  CALM  and  SALM  installations.  The  fre- 
quent submergence  of  SA LM  buoys  makes  the  use  of  radio 
telemetry  impractical.  To  date  the  solution  has  been  to 
telemeter  data  using  an  underwater  acoustic  link. 

3 Ji  EQUIPMENT  IN  USE  ON  DEDICATED  CHIPS 

When  dedicated  ships  are  used  at  a SPM  facility  the  hawser 
load  monitoring  problem  can  be  simplified.  This  is  true  regard- 
less of  the  type  of  SPM  used.  Table  3-3  lists  some  systems 
which  have  been  used  on  dedicated  ships. 

Samson  Ocean  Systems  has  installed  their  traction  winches 
on  a number  of  ships.  Some  of  these  incorporate  a simple  lead 
monitoring  system  which  use.-  pressure  transducers  on  reaction 
arms  in  the  winch  to  sense  torque.  This  in  turn  is  calibrated 
to  display  the  load  in  tons  of  force.  In  at  least  two  cases 
measured  load  is  also  displayed  on  a strip  chart  recorder 
located  on  the  ship's  bridge. 

Hamilton  Brothers  have  Samson  traction  winch  systems 
installed  on  two  ships  which  are  used  in  the  Argyle  Field, 

U.  K.  North  Sea  (Barr,  1977e ) . The  original  system  was  equipped 
with  Martin  Decker  sensors  on  t Ir  reaction  arms  for  each  drum. 
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The  meter  read-out  was  housed  in  & small  deckhouse  near  the 
bow.  Since  some  damping  is  most  likely  present,  the  system  may 
not  accurately  give  peak  or  snatch  loads.  The  system  was 
modified  by  Strainstall,  Ltd.  New  pressure  transducers  were 
added  and  a paper  chart  recorder  display  was  placed  on  the  ship 
bridge.  Figure  3-1  ts  a typical  chart  recording  from  that 
system.  The  two  hydraulic  systems  give  comparable  results  up 
to  25  percent  of  allowable  load,  but  significantly  different 
results  at  75  percent.  The  reason fbr  this  difference  is  not 
known,  but  may  be  due  to  the  inability  of  the  original  system, 
with  meters,  to  indicate  true  peak  loads. 


Amoco,  has  equipped  two  ships  with  Samson  mooring  systems 
for  use  at  the  Montrose  Field,  LJ.  K.  North  Sea.  At  the  present 
time  a mooring  load  meter  is  located  in  a special  wheelhouse  near 
the  bow  of  the  ship.  A seaman  relays  load  information  to  the 
bridge  by  two-way  radio, ( however,  a new  system  is  being 
studied  which  would  have  a chart  recorder  on  the  bridge. 

Variables  other  than  mooring  load  which  might  be  recorded  are 


wind  speed  and  direction,  and  perhaps  wave  height  or  tanker 


motions  . 


Shell  has  instrumented  four  ships  for  use  in  the  AUK  field 
(U.  K.).  The  sensors  are  strain  gaged  shear  pins,  provided  by 
Strainstall,  Ltd.,  that  are  installed  in  bow  chain  stoppers. 

These  pins  are  of  the  same  type  used  at  SPM  and  alongside  instal- 
lations . ' 

Although  equipment  used  on  a dedicated  ship  has  no  direct 
application  at  a U.  S.  DWP  such  as  proposed  by  LOOP  or  SEADOCK, 
the  operating  experience  gained  at  these  facilities  is  useful 
in  defining  MLMS  requirements. 
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3.5  EQUIPMENT  IN  USE  ON  ALONGSIDE  MOORINGS 


A VLCC  moored  alongside  a pier,  a sea  island  or  a large 
barge  utilizes  a large  number  of  lines.  At  such  moorings  it  is 
difficult  to  ensure  that  all  mooring  lines  share  the  load 
equally.  Full-scale  mooring  load  measurements,  carried  out  by 
the  National  Engineering  Laboratory  (NEL)  and  described  in 
Appendix  A,  indicated  that,  for  a typical  pier,  95 % of  the 
total  mooring  load  was  being  taken  by  not  more  than  three  of  a 
total  of  twenty  mooring  lines. 

Mooring  points  on  large  tanker  berths  generally  are  quick 
release  hooks  or  similar  devices.  The  NEL  developed  a strain 
gaged  shear  pin  load  cell  that  can  replace  the  pin  in  those 
devices.  Strainstall,  Ltd.  and  British  Hovercraft  Corp . have 
used  the  shear  pin  load  cells  in  systems  which  monitor  the 
load  in  all  lines  from  a ship  to  the  berth.  Strainstall,  Ltd. 
has  installed  such  systems  at  an  EXXON  facility  at  Southhampton, 
England  and  at  a Canadian  Navy  facility  in  Newfoundland. 

British  Hovercraft  Corp  (BHC)  has  also  installed  similar1  systems 
These  systems  apparently  work  very  well.  At  Milfordhaven  ships 
are  not  permitted  to  moor  or  remain  moored  if  the  MLMS  is  not 
working . 

Most  of  the  mooring  load  monitoring  systems  in  use  at  SPMs 
utilize  a meter  or  paper  chart  recorder  with  a high  level  alarm; 
however,  more  elaborate  displays  have  been  developed  for  use  at 
berths  with  multiple  hook  systems.  Strainstall  has  used  a histo 
gram  display  with  a diagram  showing  a ship  and  all  the  lines  in 
use  (Appendix  A).  BHC  has  used  histogram  displays  at  Kharg  and 
Milfordhaven.  Ocean  Technical  Services  (OTS)  has  proposed 
providing  a multiple  color  CRT  display  in  which  the  load  in 
each  line  is  displayed  as  a colored  bar.  When  the  bar  (load) 
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exceeds  a preset  maximum  the  color  changes  from  green  to  red. 

If  the  load  drops  below  a preset  minimum  the  bar  color  changes 
to  blue  (or  yellow).  At  a deepwater  port  with  multiple  SPMs 
and  MLMSs  tills  type  of  display  could  be  useful  for  rapid  review 
of  loads  on  all  moored  ships. 

The  Samson  Traction  Winch  system  could  be  used  at  alongside 
moorings.  Tills  provides  the  advantage  of  a ready  means  for 
monitoring  line  load  and  for  correcting  load  as  necessary. 

? .6  I'KKfKk'T  ABILITY  TO  NIKAS!  IRK  AND  RKCCRH  ypop’ag,  ; pA  pg 

Several  types  of  mooring  load  monitoring  systems  have  been 
le signed  an  i built.  A number  of  systems,  have  been  installed  at 
Sl’Ms  and  alongside  berths  for  mooring  ships  to  ri00,000  DWT. 

These  have  generally  operated  successful ly . It  is  obvious 
from  preceding  sections  that  the  number  of  systems.  Installed 
at  facilities  with  single  point  moorings  is  increasing.  Comment 
by  equipment  manufacturers  and  operating  personnel  at  facilities 
with  functioning  mooring  load  monitoring  systems  indicate  the 
value  of  such  systems: 

!.  One  operator  described  the  load  monitor  as  the  best 
investment  they  ever  made.  They  didn't  know  when  to 
take  decisive  action,  from  safety  and  operation  stand- 
points, before  too  Installation . 

?.  Another  operator  reported  that  the  load  monitoring 

system  had  Increased  utilisation  by  about,  ?0  percent. 

In  addition  to  such  comments,  many  chart  recordings  exist  which 
clearly  show  that  mooring  load  measurements  cannot  only  be 
made  but  can  serve  as  useful  tools  for  HWP  operation.  At 
several  facilities  chart  records  are  used  as  a basis  for  insti- 
tuting rudder  steering  which  can  significantly  reduce  the  loads 


In  the  hawsers  (Llnehan  et  nl.,  197*3). 


Finally  there  are  at  least  three  manufacturers  who  offer 
off-the-shelf  monitoring  equipment.  Stralnstall,  Ltd.  and 
OTS/IMR’  offer  systems  for  use  at  STMs  and  at  alongside  berths 
Samson  Ocean  Systems  provides  an  integral  load  monitoring 
system  with  their  traction  winches  which  can  lie  used  on  dedi- 
cated ships  at  SPMs  or  at  alongside  berths.  Automatic  Power 
has  provided  simple  on-buoy  systems  which  do  not  telemeter 
the  load  data,  but  flash  1 ights  at  different  rates  wh6n  the 
load  exceeds  preset  levels.  Mechanics  Research.  Incorporated 
can  provide  a simple  system,  although  to  date  has  not  done  so 
Appendix  A provides  a more  detailed  "Description  of  Actual 
Measurement  Systems  In  Use  At  Present." 


EQU  I PMKNT 
MANUFACTURER 

1 . Samson  Ocean 
Syr.  terns 

,? . Strn Install, 
3.  Stra Install, 
A . St rains tall, 
9.  St rn Install, 
6 . OTS/UHC 


TABUS  3-3 


MOOR  INS  ROAR  MONITORING 

SYSTEMS  ON 

PEP  1 CATE U SHIPS 

SYSTEM 

NUMBER 

TYPE 

OE  SB  1 PS 

COMMENTS 

Pressure  Sages  or 
Transducers  on 
Reaction  Arms  ot' 
Traction  Winch 

9 

Ships  moor  to  SPM  using 
Traction  Winch.  Pressure  Is 
coitverted  to  tons  load  and 
displayed  on  Meters  or  Chart 
Racorde rs . 

Ltd 

, Shear  Pins  In  Bow 
Chain  Stopper 

3 

Used  by  Shell  In  Auk  Pie  Id, 
U.K.-SPMs 

Ltd 

. Shear  Pins  In  Bow 
Chain  Stopper 

O 

Used  by  Hamilton  Brothers  at 
Argyll  Pie  Id 

Ltd 

. Shear  Pins  In  Bow 
Chain  Stopper 

A 

Used  by  BNOC  at  Third  le  Field 

Ltd 

. Shear  Pins  In  Bow 
Chain  Stopper 

l 

On  Tanker  Esso  Aberdeen 
(Field  unknown) 

Receiving  K le  e t r on l c s 
Only  - Acoustic  Link 

A 

Used  by  British  National  Oil 
Co.  at  Thistle  Field,  U.K.- 

SAI.M0 


-3.II- 


SECTION  4 


DESCRIPTION  OF  MOORING  IOAP  MONITOR  1 NO  SYSTEM 

4.1  INTRODUCTION 

The  term  Mooring  Load  Monitoring  System  (MLMS ) Is  now 
generally  accepted  to  mean  any  systems  which  will  measure  the 
forces,  static  and  dynamic,  in  SPM  mooring  hawsers  and  mooring 
lines  at  alongside  berths.  An  integral  part  of  the  system  is  a 
display,  such  as  a meter  or  chart  recorder  typically  calibrated 
in  tons  of  force,  and  equipment  to  sound  alarms  when  the  forces 
exceed  a preset  level.  In  this  study  a MLMS  is  further  defined 
as  consisting  of  the  following  subsystems: 

1 . Lead  Measurement 

2.  Data  Handling 

3.  Load  Warning 

4.  Data  Display 

In  addition,  if  a Mooring  Load  Prediction  System  (MLPS),  such  as 
described  in  Section  6 is  used,  it  will  interface  with  the  MLMS. 
Each  of  the  above  subsystems  and  its  components  are  discussed 
in  detail  in  this  section. 

4.2  GENERAL  REQUIREMENTS  FOR  A MLMS 

It  would  be  relatively  easy  to  assemble  a MLMS  from  avail- 
able components  if  it  were  not  to  be  used  in  an  ocean  or  DWP 
environment.  It  is  a common  misconception  that  any  good 
electronic  equipment  can  be  mounted  in  a "Waterproof  Can"  and 
used  in  the  ocean. 

The  NOAA  [lata  Buoy  Office  (NDBO)  has  acquired  a great  deal 
of  experience  in  deploying  electronic  measurement  systems, 
comparable  in  complexity  to  the  MLMS,  on  unattended  ocean  buoys. 
In  1973  the  NDBO  published  a document  (NDBO,  1973)  detailing 


their  experience.  In  the  section  ''Performance  Based  on  Experi- 
ence" (Large  Buoys),  the  report  states:  "The  primary  reason  for 
performance  below  the  predicted  rate  was  due  to  onboard  equip- 
ment failures What  the  performance  of  the  buoys  has 

borne  out  Is  that  equipment  specifically  designed  for  buoy 
application  seems  to  work.  Equipments  that  were  essentially 
selected  from  off-the-shelf  inventory  has  not  measured  up  to 
the  level  of  performance  delivered  by  the  custom  design  equip- 
ments." A survey  of  existing  mooring  load  monitoring  system, 
produced  a somewhat  similar  result. 

As  explained  in  Section  3,  mooring  load  measurements  have 
concentrated  on  forces  in  the  hawser  assembly.  Consequently 
the  following  general  specifications  for  a mooring  load  moni- 
toring system  can  now  be  listed: 

1.  It  must  accurately  measure  tensile  forces  in  the 
hawser  assembly  with  ships  up  to  750,000  DWT  on  the 
moor . 

2.  It  must  operate  unattended  for  significant  periods 
of  time,  and  during  periods  of  severe  storms . 

3*  The  required  maintenance  must  be  minimal  and  repairs, 
or  component  replacement,  must  be  effected  in  situ. 

4.  All  components  of  the  load  measurement  subsystem  must 
withstand  repeated  submerging  without  damage  or 
impaired  performance. 

With  the  general  system  requirements  defined,  the  individual 
components  can  be  defined  and  analysed. 

4.3  DEFINITION  OF  SUBSYSTEMS  AND  INTERFACES 

A block  diagram  of  general  Mooring  Load  Monitoring  and 
Prediction  Systems  is  shown  in  Figure  4-1.  The  systems  are 
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divided  into  subsystems  (blocks),  and  the  interfaces  are  shown. 
Components  which  could  be  included  in  the  various  subsystems 
are  listed  in  each  block.  The  components  comprising  a subsystem 
may  vary  with  the  overall  system  requirements.  However,  it 
should  be  noted  that  all  of  the  components  listed  in  the  measure- 
ment subsystem  block  are  required  in  any  useful  system. 


f u L 
the 
Ltd 
fac 
to 


A block  diagram  of  what  is  considered  to  be  a minimum  use- 
system  for  a hWP  is  shown  in  Figure  4-2 . This  is  essentially 
system  marketed  by  Ocean  Technical  Services  and  Strainstall, 
and  installed,  or  being  installed,  at  a number  of  SPM 
illties.  Simplier  systems  have  been  used,  but  are  considered 
be  Inadequate  for  U.  S.  DWP  use. 


A b Lock  diagram  of  a system  configuration  recommended  for 
Initial  use  at  U.  S.  DWPs  is  given  in  Figure  4-1.  it  includes 
all  of  the  components  In  the  minimum  useful  system  of  Figure 
k-S,  and  two  additional  components . The  first  is  a time  history 
d i so  Lay , such  as  a small  oscilloscope,  on  the  ship's  bridge. 

The  second  is  an  automated  short  term  prediction  system,  such 
as-  described  in  Section  6*3*2>  at  the  control  center  and  on  the 
ship's  bridge.  If  the  ship's  bridge  is  not  manned,  equipment 
may  be  located  in  the  pump  control  room. 

After  a DWP  has  been  in  operation  for  l or  2 years  and  has 
accumulated  sufficient  data,  the  MLMS  of  Figure  4-3  can  be  ex- 
panded, as  shown  in  Figure  4-4.  This  system  contains  automated 
short-term  and  medium-term  prediction  schemes. 

4.3.1  Load  Measurement  Subsystem 

The  load  measurement  subsystem  is  the  heart  of  a MIMS.  It 
consists  of  the  following  components: 

1.  Sensor(s) 

2.  Signal  Conditioner 
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3.  Transmission  Link 

4.  Power  Supply 

In  Figure  *1-1  the  receiver  is  shown  separate  from  the  measure- 
ment subsystem  block.  This  is  because  it  is  located  in  the 
control  room  and/or  on  the  ship  rather  than  on  the  SPM  with  the 
other  components.  In  practice  it  must  be  selected  with  the 
transmitter  as  part  of  the  signal  transmission  link.  The  load 
measurement  subsystem  interfaces  all  of  the  other  subsystems. 

*1.3.2  Data  H a n d 1 1 n g ■' u b s y s t. e m 

A data  handling  subsystem  is  not  essential  in  a minimum  con- 
figuration such  as  shown  in  Figure  *1-2.  However,  it  becomes 
essential  as  the  system  is  made  more  complex;  for  example, 
when  measured  loads  or  environmental  data  (wind  velocity,  wave 
height,  etc.)  are  used  in  an  automated  prediction  scheme  or  to 
build  a data  base  for  future  use  and  analysis.  Some  items 
which  might  be  included  in  a data  base  are: 

1 . Hawser  age 

2.  Hawser  loading  history  (cycles  vs  force! 

3.  Ship  characteristics 

*».  Quality  of  fittings  of  ships  which  have  visited  port  . 

In  addition,  short  term  data  storage  could  be  used  for  inputs 
to  the  load  warning  subsystem  and  the  prediction  system.  The 
use  of  stored  data  in  prediction  systems  is  described  in  Section 

6 . 

Input  interfaces  are  from  the  measurement  and  load  warn- 
ing subsystems  and  prediction  system.  Output  interfaces  are  to 
the  load  warning  subsystem  and  load  prediction  system. 

4.3.3  liOnd  Warning  Subsystem 

The  load  warning  subsystem  will  incorporate  one  or  both 
of  two  basic  methods.  The  first  method,  in  common  use  on 
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present  systems,  consists  of  a signal  comparator  which,  based 
solely  on  the  comparison  of  load  to  a set  value,  triggers  an 
alarm . 


The  second  method  consists  of  a computer  program  which 
examines  peak  loads  plus  other  input  factors  and  determines  the 
safe  load  limit  at  the  present  time.  The  comparison  of  measured 
and  allowable  load  would  be  made  in  the  computer,  but  the  alarm 
hardware  might  be  the  same  as  the  type  used  in  the  first  method 

The  input  interfaces  are  from  the  measurement  subsystem, 
data  handling  subsystem,  operating  personnel  and  the  prediction 
system.  The  output  is  directly  to  port  operating  personnel  and 
tiie  ship's  master. 

4. 3. 4 Data  Display  Subsystem 

The  data  display  subsystem  can  take  many  forms.  Present 
MLMSs  generally  use  meters  and/or  strip  chart  recorders.  In 
some  systems  the  recorders  are  turned  on  automatically  when  the 
load  exceeds  some  preset  minimum  value.  In  a system  which 
utilir.es  a computer  for  data  handling,  load  warning  or  prediction, 
seme  type  of  digital  display  could  be  used.  Video  displays 
and  CRT  terminals  with  graphics  would  be  very  useful  when  an 
operator  mu.  onitor  multiple  loads.  These  may  be  loads  of 
several  lines  “n®  one  ship,  as  /escribed  in  Section  3-4,  or 
loads  from  several  ships.  The  input  interfaces  for  this  sub- 
system are  from  the  load  measurement  and  the  load  warning  sub- 
systems. The  output  is  directly  to  port  operating  personnel 
and  the  ship's  master. 

4.4  LPAP  MEASUREMENT  SUBSYSTEM  COMPONENTS 

It  was  stated  In  Section  4.4.1  that  the  load  measurement 
subsystem  Is  the  heart  of  the  MLMS.  The  components  of  this  sub- 
system are  the  sensor,  signal  conditioner,  transmitter/receiver 
and  power  supply.  Each  component  must  be  designed  specifically 
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Kach  type  Is  reviewed  for  its  applicability  in  the  various  types 
of  sensors. 

Some  general  sensor  specifications  are  given  in  Table  4-3. 
The  different  kinds  of  sensors  are  rated  arid  compared  in  Table 
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our  applications  of  sensors  are  considered: 

Sensors  at  either  end  of  the  hawser 
Sensors  in  or  on  the  buoy  structure 
Sensors  in  or  on  the  hawser 

Sensors  for  indirect  measurement  of  mooring  loads, 
st  existing  MTWSs  use  sensors  at  one  end  of  the  hawser. 


. ' S uns<  •' 


traction  winch. 


which  uses  a load  monitoring 


system  base  .1  on  hydraulic  pressure,  is  unlikely  to  be  used  at 
U.  S.  l\?s,  it  is  not  considered  further.  All  installations 
listed  in  Table  3-1  use  either  a strain-gaged  load  cell  (shear 
pins  or  tension  links),  a LVDT  load  cell  (Shell  Anglesea  facility), 
or  a strain-gaged  cell  mounted  on  a buoy  load  bearing  member. 

Shear’  pins  are  1 ike ly  to  be  used  in  most  new  installations . 

These  sensor’s  weigh  about  70  lbs.  compared  to  1,300  lbs.  for 
the  original  0T3/3HC  tension  links.  Load  cells  based  on 
flexures  with  other  types  of  transducers  (such  as  variable 
capacitors,  or  piezoelectric  cyrstals)  can  be  used;  however. 


t is  doubtful  that  any  of  these  would  be  better  than  strain 
gages  and  few  wuld  work  as  well.  Transducers  which  have  moving 
parts  (such  as  potentiometer  sliders  and  variable  reluctance 
moving  cores'  are  susceptible  to  damage  in  the  SPM  environment. 


Any  sensor  permanently  .installed  in  the  ship  end  of  the  line 
would  be  very  susceptible  to  damage  when  no  ship  was  moored  and 
during  the  mooring  operation.  Moreover,  if  the  line  is  not 
free  (for  instance,  it  may  rub  on  the  fairlead)  the  sensor  will 
not  accurately  measure  the  total  forces,  and  higher  frequency 
components  may  be  attenuated. 
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Sensors  may  be  attached  to  or  mounted  on  load-bearing 
members  of  the  SPM  buoy.  This  technique  has  been  used  success- 
fully by  IMODCO.  These  sensors  could  use  any  type  of  transducer 
which  functions  well  in  a SPM  environment.  Strain  gages  have 
been  used  successfully  on  IMODCO  buoys.  The  major  disadvantage 
of  this  technique  is,  again,  that  the  forces  measured  may  be 
less  than  the  forces  in  the  hawser.  This  is  particularly  likely 
for  higher  frequency  components. 

The  possibility  of  mounting  sensors  or  transducers  (such 
as  strain  gages,  pressure  ceils,  etc.)  in  or-  on  the  hawsers  has 
been  examined  and  discussed  with  rope  manufacturers,  port 
operators  and  others.  The  most  common  cause  of  hawser  failure 
is  cuts  and  abrasions  of  the  rope.  Also,  the  rope  is  continual- 
ly stretching  and  storing  or  releasing  large  amounts  of  energy. 
This  is  a very  hostile  environment  for  transducers,  cables  and 
electronic  components  in  general.  A great  deal  of  research  and 
development  would  be  required  to  develop  such  techniques. 

Three  measurement  techniques  using  sensors  which  might  be 
used  to  indirectly  infer  the  mooring  loads  or  to  directly  pre- 
dict a rope  failure,  have  been  considered.  The  first  technique 
is  to  implant  temperature  sensors  in  the  rope.  Heat  is  generated 
by  friction  between  strands  of  a rope  under  heavy  loading  or  when 
the  rope  passes  over  fairleads,  bits,  etc.  The  heat  is  related 
to  hawser  load,  and  can,  near  ultimate  load,  be  sufficient  to 
melt  or  fuse  some  fibers.  The  temperature  rise  due  to  inter- 
strand or  fiber  friction  might  be  used  as  a measure  of  the  load. 
High  temperatures,  whatever  the  reason,  would  indicate  probable 
damage  to  the  rope.  Unfortunately  there  are  many  difficult 
problems  in  making  and  using  such  temperature  measurements.  The 
difficulty  of  mounting  transducers  of  any  kind  in  or  on  the 
rope  has  been  discussed.  Furthermore,  it  is  not  clear  that 
temperature  can  reliabLy  be  related  to  load.  It  is  very  improbable 


A I .■•ii 


that  ill,-  t.i'mpi'  rat  u ro  wi'iiM  ho  uni  form  throuyhout.  Un-  ropo  . 
th,.  (i  >.|t  t run:-.  for  ohu  r;i>’  t.o  r 1 a t.  i or.  ohanyo  with  tho  onvlronmont. 

Pn-,'1  ,'r  dry  ropo,  wind,  ot.o.).  Moat  Importantly,  ropo  t otnpora  t un 
ovontuilly  roturua  to  ambionl  undo  r a tatlo  load  and  Uioroforo 
.V'ui.i  not  !',■  u.i'd  to  Indioat.o  a tat  lo  load;-..  finally,  a tompora- 


t u 

»*•  • 

r 1 a.. 

' auff 

loli 

'lit 

t 

\ > ( 

•aua-o  wo 

:ik. 

-n  i ny 

(or 

fur  1 ny  ) 

of  ad  r 

and  a. 

* ' ** 

i ho  r 

a oatl  , 

■vour 

a t. 

any  looat 

ion  ao  t 

hat 

many 

t r 

at  ia  duoo 

ra  an 

I*  ' 

qu 

i rod 

for  a. 

1 apia  1 

( ' 

ro 

: ul  t a.  . 

Tho 

a.ooorv 

1 t 

o o h n i 

qu 

' oona.  i do  i-. 

-d  ia 

tho 

uao 

of 

a oou  a l i 

V.'  I * • 

U" 

i pi- 

* ■ r 

• mo 

rn 

to 

d hy  tho 

'po  a a. 

i t 

a.  1 ro 

t oh 

o a,  or  o 

hanyo: 

in 

a 

•nil  a 

1 i o pr. 

rt  i 

t' 

. 

ouioh  aa 

\ mj 

'■  -dan.- 

( ' , i 

•ou  1 d 

ho 

muaau r 

od  . 

In 

i tho 

f -a  :o 

t h 

■ V 

1 \\ > 

hi 

oma  a ro 

oa: 

■on  t i a 

1 ly 

t ho 

a a m 

o aa  t h 

o a.  o 

. • r, 

0" 

am t o 

rod  in 

nn  - 

a an 

1 1*  i 

ny 

t otnpo  ra 

t u ro  : 

1 

1U  f f i 

ou  ! 

t y 

i n 

| * 

• 1 at  i ny. 

m, ' : 

i . u ro  d 

q U : 

nit.  i t 

i o a. 

to  1 oa 

d . 

. ' . 

Th  • h 

i ; ■;!  i 

pi 

ib 

1 1 1 t.y  of 

d.‘ 

mayo 

! o 

! rana 

duo 

o ra.  . 

i . 

y.oun.l 

nu 

1 a.o 

i r 

■ not  yo 

no  i 

ra  t od 

i 11 

tho  a 

t at 

lo  oa  a.o 

• 

Knv  ! r 

OIUU 

out. 

*i  ! 

r 

ant. ora  , 

u. 

■h  a a 

1 hi. 

■ wot: 

nor. 

a.,  a f ft ' 

ot 

tho  a 

oou 

■I  1 

V * 

P V 

, 'po  r t 1 o a. 

• 

! 

t 

mi;; 

duoo  r 

and 

o nv  i 

’ *1  ' 

nmotit  a 1 

p r. 

'h  1 oma 

oou Id  h 

i ' a 

o 1 v o d , 

Olio 

m ? 

yhl  u ■ 

aoou 

at  1 

oa. 

I1' 

r 

t.ompo  ra  I 

U l*i 

> ) to 

aon 

an  i mpil  1 

ao  (a.na 

toll 

V ' 

hook 

1 load. 

a . 

Thi  a. 

t * 

ould  ho 

VO 

ry  imp 

o r t . 

ant  a 

l no 

o noli 

load.-. 

K"[ 

n 

Pro  a 

k a ro 

I"’ 

at 

n - 

la 

1 1 vo  1 y 1 

ow 

1 Olid 

lov 

a 1 a a 

a d 

o a o r i bo 

d i n 

, 

. t 

i 'u 

. ' . t . 

!•  \ t 

i'll:' 

: i V 

t ' 

r -a.oa  roll 

K i 

on  Kl  h 

o r 

nqu  i r 

od 

to  mako 

a 

w 

v\ 

ah  lo 

aya  t o 

m . 

Kin 

a 1 1 y . 

ropo  a 

>lo 

nr. 

at  ion  un 

do 

r load 

(•' 

t ah  l i 

i ro 

d rope*  a 

* , 1 

u l 

d ho 

tnoa  an 

rod 

and 

U : • 

od  to  do 

t o 

nn  1 in' 

who 

n a r 

opo 

la  In 

datiyo  i 

of  hroaklny,  ar  doaoribod  in  Soot  Ion  8.1.  f.hotl  (Ml  Company 

1 1 ; i ; 1 nr.  t i luted  a prop,  ram  at  Any  loro, a of  tnoa  ru  r 1 ny,  t ho  olonyat  ion 

,if  hawaorr  undor  known  appllo,)  load:  . Tho  liawaor  i :•  roinovod 

from  t.hi'  Sl'M  and  i t .a  h-nyth  moauurod  for  a rma  1 1 load  (not 

y,  1 von  1 and  fifty-tain  load;-.  Unfort  mint  o 1 y t.lioi'o  la  proaont  ly 


no  known 

i method  of  mak 

ing  in  situ 

(on  the 

PPM* 

me  as. 

u r 

-eme 

nts 

of 

hawser  e 

lonpation.  This  is  one  ar 

ea  where 

some 

re  s 

ea  roh 

ecu 

1.1 

pay  larp 

;e  dividends. 

ilJl.P  f 

ipn.u  1 

Cond  1 t.  i on  i ns 

The 

1 des  tj 

n or  se  1 

eel  ion  of  a 

signal  c 

Olid  i t 

i one 

r 

pro 

sent 

the  lens 

t.  prob 

lems  of 

any  compos- ait  in  the 

1 oad 

me  a 

: ui’cment. 

. ub- 

syr.t  em . 

The  o 

ut.put.  of 

’ most  t ransducers  re 

qu  i re 

:*0 

me 

ap 

lit". 

a- 

tion  am 

1 sea  1 i 

np  to  ol 

tain  a sigma 

l cal  lb r 

a ted 

in  o 

np 

1 ne 

•s  r i i 

g 

units . 

The  fo 

rm  of  ti 

le  e l oe  t r i an  1 

out  put 

s.  i gna 

1 may 

be 

ana  ! 

*'(b 

d i g i la  1 

or  a n 

edu  lat  e.i 

frequency . 

The  for 

m sc  1 

ect  e 

gl 

w i 1 

1 do 

pend 

on  the  type  of 

commun i 

cat ; on  ! ink. 

data  di 

sp  1 ay 

ami 

k 

a rn 

i ng 

: ub- 

sys  temr. 

used  . 

Ana  lop 

and  digital 

s i gna  1 s 

degru 

do  V 

t' 

y b 

a d 1 y 

when  transmit;- 

sd  ever 

very  large  d 

i s t anoes 

; the 

r<  f < 

tv 

. 

em  e 

< ype 

of  modul 

a.ted  e 

arrier  t 

ransm i s s i on 

link  w i 1 

1 gi  ne  ra  1 

ly 

i'e 

req 

u i 

'either  a 

mp 1 i tu 

do  (AM) 

or  frequency 

(FM)  mo 

d u 1 a t 

i on 

Ci 

n b 

e us 

i ; 

howe ve r . 

FM  i s 

far  sup 

erior  t o AM 

i n no i se 

ro.ie 

> 4 \ 

i ill 

1 . 

and 

in  most. 

telervs 

t.erinp  s 

yst.ems  . it’ 

a s i gna  1 

is.  s 

amp  1 

1 ’ 1 1 

, til' 

samp  1 i ng 

rate  1 

must  be 

high  enoup.il 

to  prose 

I'Ve  t 

he  h 

1 t 

lies- 

i c r 

e- 

queney  o 

f into 

rest  . M 

os  t exist! ng 

system ; 

have 

ve  r 

y 

1 ow 

sat; 

ptin, 

rates  he 

cause  1 

hlph  rat 

■s-  of  load  In 

g have  n 

ot  be 

on  e 

" . 

s i d 

s red 

• 

The 

ava  i 1 . 

ah  i lit  y 

of  high  qua  1 

ity  soli 

a s t a 

to  c 

on 

M ' » i . 

■ n t 

has  made 

possi 

ble  the 

design  of  a 

wide  va r 

i e l y 

O t’  S 

mn 

1 1 

I'Ug: 

< 

light.  We 

i pht  . 

rs 1 i ab 1 e 

signal  cond 

i t i one  rs 

In 

fae 

♦ 

till 

i s i j 

t 1 

eond  i t ii' 

ne  r i s 

now  bul 

It  into  many 

sens  'rs 

. Ma 

ny  o 

t' 

t lie 

e e . 

i n- 

vert  t lie 

t.  rand; 

used  sip 

na 1 d i res t ly 

into  a 

digi  t 

a 1 o 

v 

a v; 

i r i a 

u 1 n 

f requeue 

y (FM  i 

output  . 

In  general 

, the  in 

CvM’pO 

ra  t i 

on 

ot' 

t lu 

signal  c 

ond  i t ii 

oner  ini 

o the  sensor 

is.  do  si 

sable 

• 

V 

at. a T iv 

mem l ss  I 

etl 

The  design  of  the  data  transmission  link  i.  eomj'ni.vd  of 
I wo  part.:;  --  t.ho  r.o  loot  ion  of  the  form  of  the  l ran:  mi  tied  . ip.na! 
and  the  r.i'lei’tion  of  the  proper  hardware.  The  form  of  the 


-J|  . 10- 


s i gna 

l 1 

s ills 

eus 

s.ed  brief 

ly  In 

go 

c 1 1 on 

4 . 4 

I f the 

eomp 1 et  e 

ana  1 o 

g s 

Igna  1 

i s 

t.o  be  t r 

an  am  i t. 

t.o 

d , FM 

i s 

the 

best  eh> 

'lee  of 

modu  1 

at.  1 

on  re 

gnr 

die.-,:;  of 

ha rdwa 

tv 

. A s 

amp 

led 

data  sy; 

5 1 om , 

in  wh. 

i oh 

on  ly 

t he  value  o 

f the 

s t 

gnat  at  d 

1 so 

re  te  i n(  i 

M-vals  Is 

t ranr. 

m i t 

ted. 

ean 

prov  i de 

s lg.nl  f 

i e 

ant  power 

savings. 

I'll  1 s is 

pa  rt  i 

I'U  1 

ar  ly 

i mn 

o riant  i f 

ba  t te 

rt 

es,  are 

to 

supply  the 

power  on 

t ile  g 

!’M 

buoy  . 

The  sample 

s (pul 

so 

s 1 ean 

bo 

t r 

ansm  1 1 1 i'i 

1 by  a 

va  r 1 e 

ty 

of  mo 

dul 

: ! t 1 o!  i -eh 

ernes  (We 

s t man , 

1 o 

no  i 

. Sever: 

i 1 pul se 

mo, iu  1 

at.  1 

on  to 

ehn 

iques  are 

shown  1 

n Figure 

4 .7 

. One  s>  i 

-home  will  ell 

ha.,  b 

eon 

used 

t.o 

t ran  an  i t. 

dat  a 

fi- 

om a 

A 1 .M 

by 

an  aeon: 

tie  11 nk 

1 1 . ' i ' ;• 

pu  1 

SO  Si  o 

f d 

i t't'e  ran  t 

f reque 

ne 

1 ee  . 

Til- 

t.i 

me  betwei 

'ti  pulses 

of  tw 

t i J 

i f fe  r 

eut. 

f requeue 

Los  re 

pr 

'sent  s 

th 

e a 

mp  1 i tilde 

e !'  Ih-  da  1 

sump  1 

t ’ . 

A so 

eon 

d ehaitne  ! 

ean  be 

added 

by 

t ransm 1 1 t t n . 

' a pulse 

of  a 

t hi 

rd  fr 

equ 

etiey . 

The 

dat  a 

ean  be  digi 

1 i sed 

be 

fore  t 

ran 

: ■ m i 

ss- ton. 

\ common 

met  In' 

d o 

f t ransm i t t i ng.  d i 

gita! 

da 

t a i s 

f re 

qil-e 

ney  shift 

1 keying 

(FKK  1 

A pu  ! 

e 

of  one  fi- 

e  que  no 

,v 

repres. 

cut 

s a 

b 1 na  ry  i 

'lie  and 

a pul 

;»C' 

of  a 

oOO 

end  fr. -qu 

eney  r 

ep 

resent 

s a 

bt 

nary  er. 

This 

1 y i ' ' 

O f 

data 

onn 

be  trans. 

mitt ed 

r 

e 1 lab  1 

y . 

tail 

only  wit 

h increase 

amounts 

of  equip: 

ment  and 

powe  r 

ee 

ns- ump  t 

i on 

o’ 

atipa red  t 

: o samp  1 ed 

data  1 

at 

the 

sen 

sor  local 

i on  . 

g i 

nee  t h 

e ro 

is. 

IK'  obvii 

ns  advan- 

(.age 

to 

d 1 g i (■ 

i s i 

ng  moor  in 

g load 

d 

ata  be 

for 

e t 

ratis.ml  ss 

i on . this 

t vhn 

i q u 

e i s 

not 

reeommon 

dod  . 

An 

ini  t ! 

al 

s.tudy  of 

t.  ransm  1 s 

s 1 on  e 

qu 1 pme 

lit  has.  n; 

\ r rowed 

the  e 

ho  1 

ee  tii 

ra 

d i o , aeou 

st  les 

an 

d undo 

rwa  ter 

cab  1 es  . 

Kadlo  has 

been 

use 

d sue 

e e s 

s fu 1 1 y on 

(’AIM 

buoys  . 

The 

f r 

equene  1 e: 

i used  have 

been 

In 

the  VII F 

and  UIIF  b 

a lids  ; 

howeve r , 

HF 

wa 

s used  S' 

lecess  fu  1 ty 

at  one  installation  to  eliminate  a problem  of  lose  of  signal 
whenever  the  ship  lay  between  the  SPM  and  the  receiving  station. 
Unfortunately  radio  Is  not  a viable  alternative  for  use  on 
SALMs  which  frequently  submerge  under  heavy  loading. 


Although  none  of  the  MLMSs  listed  in  Tub  In*  3-1  and  3-2 
used  under-water  cable  for  signal  transmission,  cables  could 
easily  be  used  at  many  CA  IM  installations.  CAl-Ms,  unlike  SAl.Ms, 


are  not  do 

si  grit 

3d 

to 

subme rge  . 

Mo reeve 

r, 

the 

moor ing 

hawse 

r 

goner 

a 1 1 y 

coma 

'C 

ts  to  a 

rotating 

mooring 

a rm 

on 

the  buoy, 

and 

the  c 

a rgo 

hose : 

3 

conn 

ect 

to  a 

swivel  on 

the  buoy 

. The 

buoy 

does 

not  r 

otat. 

. 

the 

re  fo 

i'o,  a 

cab 

ie  ran  be  s 

us- pended 

in  a 

oat.en- 

a ry 

fas  ie 

n fr> 

a: 

the 

bottom  o 

t'  th 

e bUO 

y t 

o the 

ocean 

f 1 oor 

. The 

feasibility  of 

u 

s i ng 

cables  w 

i til 

PA  1 Ms. 

do 

pen 

d S 

on  the 

type 

of 

PA 1 ,M , 

do  pt 

h of 

w 

at  e r 

, an 

d pro 

bably  on 

the 

de 

VO  1 

opment 

of  a 

pee i a 1 

oqu  i p 

merit 

such 

a 

s si 

1 p r 

ing  a 

SSCttl 

b L 1 e s. 

i 11 

un 

de  r 

wa  ter 

. W i / v * 

1 s . 

A cab 

ie  w 

i 1 

1 be 

use 

d at 

the 

Kx  xon 

Hondo 

fa 

c i 1 i ty 

at  P 

ant  a 

Pa  rba 

ru , ' 

a ! i fi 

M’ 

nia. 

( o 

ca  i'ry 

1 a r 

ge  am 

cunts. 

o f 

pow-c  r 

f rom 

a PPM 

to  a 

p 1 a t f 

o rm 

( 

: ' t\ 

n 1 a 

nd  Fe 

1 low 

S,  10 

( 1 ) 

• 

Till 

s.  PALM 

, whi 

eh  is 

in  -too  fee 

t of 

W 

ate  r 

, ha 

s.  ris 

c rs 

w it.li 

two 

un 

i ve 

rsa  l j 

, ! nl 
v.  It. 

. One 

is  approx! 

ma  to 

ly 

1 oO 

fee 

t.  be  1 

OW  t 

he  wa 

to  r 

SU 

r fa 

co  and 

one 

is  at 

tile  b 

use  . 

A ..  • W i 

ve  1 , 

wh  i 

eli  h 1 

1 i 'h  . ' 

a mo 

O I'o 

d S 

hip 

t 0 10 

till 

a round 

the  P 

i M . i 

s Uh 

ted 

i n s .1 

do  til( 

c bu 

oy . 

The 

un 

de  r 

wa  to  r 

e '.ect 

ri  ca  1 

cab  1 1' 

term 

ina  ti 

; S 

at. 

the 

sw  i ve 

1 in 

a re 

lat. 

i ve 

ly 

good  c 

I i v : re 

i.ment  . 

Indue 

t i vc 

coup 

Ling  i 

s us 

ed  to 

pas 

s.  Ml M 

ign 

a 1 s 

ac  roc 

s the 

swivel 

Tests 

wore 

ecru 

lu 

et.ed 

(Pi 

e roti  1 

ami 

Fe  l 1 

ows 

, 1 

077 

1 wliic 

li  Lnd 

i ca  ted 

that 

& cab 

1 e , { 

it. 

taeii 

cd  l 

o the 

PAL 

M ris 

e r . 

wii  I eli 

has  a 

bomp 

res s i vc 

1 oop 

ac  res. 

S CHa 

■h 

uni vc  rs 

at  Jo 

i nt  , 

can 

OPl ' 

ra  t 

0 f 

or  a 

a t is  f 

ac l cry 

pc  r i o 

d of 

t.  lire 

(up  t 

e -iO 

yea  r 

. • ^ 

Move 

r th 

e le 

* ' * ' * 

i t wa 

s dee 

i .led 

t o su 

mend 

t he 

t*  i 

ab  1 c 

. i n 

a ca 

t elia 

ry  fa 

shi 

on , 

fr 

otn  t he 

hot  t 

om  of 

the  buoy  to  t lie  ocean  floor.  Figure  -l-h  depicts,  both  of  the 


above  techniques  for  using  underwater  cable. 

With  chain  anchored  PALMs  in  100  foot  of  water  (such  as 
planned  for  t lit'  LOOP,  Inc.  IV  P)  the  use  of  cables,  would  be  more 
difficult.  With  such  a PALM,  Figure  ^l-o,  the  cargo  hoses  are 
generally  attached  to  a swivel  at  the  bottom  if  the  chain.  A 
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cable  suspended  from  the  bottom  of  the  buoy  would  interfere  with 
the  cargo  here:-,  and  could  be  struck  and  damaged  as  a large  ship 
mover,  close  to  the  buoy.  Thus,  with  this  type  of  SAEM,  it 
becomes  necessary  to  clamp  the  cable  to  the  chain  and  provide 
a flexible  loop  across  the  universal  joints.  This,  is  possible 
because  the  chain  is  so  heavily  p re- tens  lone  d that  it  cannot  twist 
In  addition,  a moans,  such  as  electrical  slip  rings  or  inductive 
couplings,  must  be  provided  to  pass  the  signals  across  the  swivel. 

Several  companies  have  built  electrical  slip  rings  into 
swivels  which  are  located  In  watertight  compartments  of  the  buoy. 
Turing,  this  study  no  one  was  found  who  has  successfully  built 
slip  rings  into  underwater  swivels.. 

PSP  Tens  t ruction  examined,  for  Exxon  Research  and  'Engineer- 
ing, the  possibility  of  building  slip  rings  into  an  underwater 
swivel . They  concluded  that,  while  it  should  be  possible, 
considerable  research  and  design  will  be  required.  Their  tests 
of  an  eight  and  one  half  tone  prototype  unit  were  unsuccess fu 1 . 

The  primary  problem  was  leakage  of  water  at  the  electrical  con- 
nectors and  penot  rators . Passing  electrical  cable  through  or  Into 
load  bearing  members,  is  a major  problem. 

Since  electrical  cables  and  connectors  have  been  the  source 
of  many  problems,  in  ocean  systems,  much  research  has  been  done 
on  the  i r use.  Even  short  cables  (with  connectors)  on  oc- van  buoys 
(NDBO,  1973)  have  been  the  source  of  problems.  Several  manuals 
and  handbooks  (Paradis.  1976,  Forbes,  et  al.,  lQ7d  and  Regan  197 11 
provide  a great  deal  of  information  on  waterproof ing  cables, 
connectors  and  bulkhead  penetrators . 

Acoustics  appears,  to  lie  the  most  developed  choice  for  SAI.M 
use  as  the  third  method  of  transmitting  signals  from  SPMs.  The 
performance  of  an  acoustic  transmission  link  will  depend  on  the 
distance  the  signals  must  be  transmitted  and  the  ambient  noise 
level  at  the  SPM.  A paper  presented  at  MTS- IEEE  Oceans  77 
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(Becker/Pencc  1977)  discusses  the  acoustic  cnvi  roiunent  in  the 
vicinity  of  two  NOAA  discus  buoys.  Measurements  were  made  at  IO- 
meter Intervals  from  the  surface  to  a depth  of  70  meters.  The 
transducer  array  was  suspended  in  a horizontal  position  at  13 
meters.  All  measurements  were  made  under  sea  state  0 and  wind 
force  3 conditions.  The  conclusions  of  this  study  are: 

1.  The  noise  levels  in  the  vicinity  of  moored  data 
buoys  are  significantly  higher  than  open-ocean  noise. 

2.  Many  impulse  noise  bursts  were  measured  near  the 
buoys.  These  transients,  numerous  and  high-level, 
ranged  from  5 to  00  d3  above  the  general  noise 
background . 

The  impulsive  noise  bursts  are  potentially  the  greatest  problem. 
Similar  measurements  should  be  made  in  the  vicinity  of  Spy.  buoys 
to  see  if  such  impulses  occur  because  of  mechanical  resonances 
in  the  buoys.  Another  Oceans  77  paper  (Oybulski,  l'h’7''  discusses 
supertanker  radiated  noise  spectra.  Ships  entering  or  leaving 
the  port  are  another  potential  source  of  noise. 

It  is  generally  felt  that  with  proper  equipment  acoustics, 
could  be  used  to  transmit  data  up  to  one  mile.  Noise,  power  and 
accuracy  requirements  may  limit  the  practical  range  to  something 
considerably  less  than  a mile;  however,  the  signal  could  be 
relayed  to  a control  platform  as  proposed  by  LOOP  and  .PAWN. 

An  underwater  acoustic  receiver  could  feed  the  signal  t another 
acoustic  transmitter,  a radio  mounted  on  a smal 1 .onsubno eg ’ ng 
buoy  or  an  underwater  cable.  The  best  means  of  relaying  the  data 
would  depend  on  a number  of  factors  Including  cost  and  the 
general  layout  of  the  port. 

The  area  directly  beneath  the  buoy  is  a poor  location  for 
any  electronic  equipment  because  of  the  danger  of  heavy  falling, 
objects  (such  ns  shackles  and  other  hardware).  The  acoustic 
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receiver  must  be  located  beyond  this  area,  or  protected  from 
damage.  One  possible  acoustic  transmission  link,  configuration 
would  be  a transmitter  suspended  directly  below  the  buoy  and  a 
receiver  located  somewhere  between  the  buoy  and  the  control 
platform.  The  signal  would  then  be  relayed,  by  one  of  the 
methods  discussed  above,  to  the  ship,  to  a control  platform  or 
to  shore.  Another  possible  configuration  would  be  to  use 
acoustics  to  bypass  the  swivel.  An  acoustic  transmitter  could 
be  suspended  from  the  bottom  of  the  buoy  or  attached  to  the 
chain  above  the  swivel.  Receivers  located  near  the  base  (pro- 
tected from  falling  objects)  would  feed  the  signal  to  an  under- 
water cable  which  goes  to  the  platform. 

In  the  above  discussion,  it  is  assumed  that  data  will 
probably  be  transmitted  from  a SPM  to  a nearby  DWP  control 
platform.  This  is  the  most  likely  link  at  U.  S.  deepwater 
poits;  however,  a number  of  other  links  are  possible.  Direct 
transmission  from  the  SPM  to  the  ship  or  to  shore  would  be  used 
only  as  a redundant  link  or  where  there  is  only  one  SPM  with  no 
control  platform  close  by.  Transmission  to  shore  could  be  direct 
by  radio  or  relayed  by  satellite.  Transmission  to  the  ship  would 
have  to  be  by  radio  or  acoustic  links.  Transmission  of  data  from 
the  ship  to  a control  platform  or  ashore  would  prolab ly  only 
occur  as  a redundant  link  or  if  the  sensor  were  located  on  the 
ship.  Transmission  links  involving  the  ship  require  that  eq'  p- 
mer.t  be  carried  aboard.  This  is  not  a good  practice  for  a number 
of  reasons:  the  weight  of  equipment  carried  aboard  is  limited; 
there  is  a risk  of  dropping  it  in  the  water;  the  more  that 
equipment  is  handled,  the  more  likely  it  is  to  be  damaged. 

Some  transmission  links  and  methods  are  compared  in  Table 
5-2.  Some  general  specif ications  are  given  in  Table  4-3. 


4 . 4 . 4 Power  Supply 

Although  there  will  be  ample  power  available  at  deepwater 
ports  for  most  of  the  MLMS  equipment,  components  located  on  a 
SPM,  particularly  on  a SALM,  probably  cannot  obtain  power  from 
the  main  supply.  Jn  this  case  it  will  be  necessary  to  store 
and/or  generate  energy  on  the  buoy.  Batteries  are  widely  used 
for  all  types  of  oceanographic  instruments  and  equipment,  includ- 
ing most  of  the  mooring  load  monitoring  equipment  in  present  use. 

There  are  so  many  batteries  available  with  such  widely  vary- 
ing characteristics  that  the  choice  of  a battery  can  only  be 
made  for  a specific  application.  Some  of  the  factors  which  must 
be  considered  in  choosing  a battery  are: 

1.  Nominal  and  Minimum  voltage. 

2.  Current  drain  and  schedule  of  operation  (continuous 
or  intermittent  duty). 

3.  Capacity  (ampere-hours)  at  expected  temperature. 

4.  Temperature  - Operating  and  Storage. 

5.  Environment  - Shock  and  Vibration,  Acceleration 
Orientation  (Vertical,  etc.),  Humidity. 

6.  Design  into  a system  - type  of  terminals,  packaging 
(waterproofing',  etc. 

7.  Maintenance. 

8.  Economic  Comparison. 

9.  Self  Discharge  Characteristics  . 

Tables  4-1  and  4-2  list  some  typical  battery  types  and  represen- 
tative characteristics.  Three  references  are  listed  which  pro- 
vide additional  information  (Mantel  1,  1970;  Jasinski,  l°oo  and 
Fink  and  Carroll, 195b ) • These  characters  it les  vary  with  manu- 
facturer and  can  even  vary  with  the  type  of  use.  For  example, 
the  capacity  (ampere-hours)  and  terminal  (plateau)  voltage  may 
be  very  dependent  on  the  rate  of  discharge  and/or  the  duty  (in- 
termittent or  continuous).  Operating  temperature,  as  seen  in 
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Table  4-1,  can  vary  widely  for  different  types  of  batteries. 
Another  important  consideration  for  unattended  use  is  the  self- 
discharge characteristics.  Some  types  of  batteries  discharge 
rather  rapidly  when  not  in  use.  Finally,  the  cost,  or  cost  per 
unit  of  energy  (dollars, watt  hour)  is  a very  important  considera- 
tion . 

A ir  (or  alr-depolari::ed ) batteries  have  been  used  on  SPMs 
with  MLMSs,  and  on  NPBO  buoys.  Carbon- cine  and  alkaline-manganese 
batteries  have  also  been  used  on  NDDO  buoys  (NPcO,  1973) • Each 
type  lias  Its  strengths  and  weaknesses  . Air  batteries  have  good 
energy  density  and  cost,  but  require  venti  lat Lon . Carbon-rinc 
batteries  are  low  cost  with  fair  energy  density,  but  their  Low 
temperature  characteristics  restrict  their  use  in  cold  climates. 

A Lkal ino-manganese-dioxide  batteries  have  geed  energy  density 
and  temperature  characteristics,  but  their  . ost  is  high. 

Secondary  (rechargeable)  batteries  can  a Iso  be  used  where 
it  is  possible  to  recharge  them.  One  major  problem  in  recharg- 
ing is  the  ventilation  of  gases.  One  company  manufactures  a 
nickel-cadmium  battery  for  underwater  use.  If  it  is  charged  to 
only  60  percent  of  capacity,  ventilation  Is  not  required. 

Secondary  batteries,  recharged  from  primary  batteries,  have  been 
used  to  supply  peak  loads  such  as  those  required  for  transmission 
of  -Ignats;  however,  this,  is  not  considered  to  be  a particularly 
good  tiled  because  additional  charging  and  regulating  circuits, 
which  *.er..j  t - reduc  system  reliability,  are  required.  Any 
time  that  ndarv  batteries  are  used  in  an  enclosed  compart- 
ment there  » pc.  . !bt  i 1 1 y that  gas's  can  accumulate.  Conse- 

quently tlprc  i iang-r  ? ha  t workmen,  using  tools  to  enter  the 
-ornpa rtrs'r.t  , ••  iy  mu  • i part  which  Ignites  the  gas. 

f-  u ■ ra  l dr uch  as  solar  cells  and  wave  generators 
have  b't'ii  -u  i i"  . f r r charging  batteries.  A relatively 
large  mint  -r  i »r  panels  have  been  used  on  platforms  and 
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buoys . These  panels  recharge  batteries  which  power  navi- 
gation aids  such  as  lights  and  horns.  A recent  article  in 
"The  Oil  and  Gas  Journal"  (Noran,  1978)  described  several 
applications  of  solar  panels  including  one  on  buoys.  The  U.  S. 
Coast  Guard  has  a research  and  development  project  to  study  the 
feasibility  of  solar  power  for  aid  to  navigation  buoys  and  shore 
aids.  Fifty  buoys,  near  Miami,  Florida,  have  operated  with 
solar  panels  for  about  one  year.  The  panels  recharge  lead  acid 
batteries  which  power  lights.  The  panels,  four  or  eight  watt 
units,  are  sufficient  to  keep  the  batteries  fully  charged  in 
the  summer  and  70  percent  charged,  under  worst  con. i it  ions , n 
the  winter.  Fifty  new  buoys,  with  eight  or  16  watt  ran. is. 


will  be  placed  in  service  near  Boston.  The  solar  pa!'. -els  an 
supplied  by  Optical  Coating  laboratory.  Incorporate  i . 


Automatic  Power  Incorporated  supplies  solar  powered  un ’ : s 
for  a number  of  marine  uses,  and  have  many  units  operating  on 
fixed  structures  and  buoys  in  the  ocean.  They  believe  that  ' 
environment  of  a SALM  is  too  hostile  for  solar  panels.  he 


risk  of  damage  (by  mooring  hawsers,  workmen,  or  a 


ship  riding. 


onto  the 
bat  t e ries 
be  1 i eves 


buoy)  is  very  high.  Moreover,  secondary  (rccarg  ab'e' 
arc  not  suitable  for  use  on  a SALM.  Automatic  Foiw  r 
that  primary  batteries  constitute  the  best  row • r 


source  for  a SA IK . 

Since  cable  could  be  used  with  CAIKs  (section 
power  might  be  carried  by  the  cable  from  the  platform  to  the 
SFM.  The  fact  that  a CALK  does  not  submerge  makes  the  use  of 
batteries  simpler  than  for  SAIKs. 


Other  factors  beside  the  source  of  energy  are  important  to 
good  power  supply  design.  Large  ground  return  conducters 
grounded  to  the  hull/seawater  at  a single  point,  can  help  prevent 
or  reduce  noise  induced  into  signal  circuits.  Signal  and 
transmission  circuits  must  also  be  properly  grounded.  In  this 
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arid  all  other  SPM  mounted  equipment,  waterproofing  is  a must. 

Care  must  be  taken  with  removable  connectors.  If  any  are  used, 
service  personnel  must  be  properly  instructed  In  the  procedure 
for  mating  them  to  prevent  corrosion  and  moisture  on  electrical 
contacts  . 

Since  loss  of  power  to  SPM  mounted  components  can  cause 
total  loss  of  the  MLMS,  and  since  service  may  not  be  possible 
during  storms,  a battery  monitoring  capability  is  often  built 
into  the  system.  The  power  supply  (battery!  voltage  level  is 
transmitted  to  the  control  room.  This  information,  with  the 
discharge  curves,  provides  continuous  information  on  the  operating 
time  remaining  on  the  batteries.  A low  level  indicator  which 
transmits  a signal  when  the  battery  voltage  is  less  than  a preset 
level  would  be  simpler  than  transmitting  the  battery  voltage 
coni.  Inuous  ly  or  at.  regular  Intervals.  Unfortunately,  battery 
discharge  characteristics  depend  upon  such  things  as  load,  d ,ty 
cycle  and  temperature.  A single  data  point  (low  level  indicator) 
does  not  reliably  indicate  the  operating  time  remaining  on  the 
batteries.  With  sufficient  historical  data  on  a particular 
ins tallation,  the  low  level  indicator  might  be  adequate.  long 
periods  of  battery-powered  MLMS  operation  on  SPMs  has  been  at- 
ta  ined . 

LATA  HANOI.!  NM  SUHSYSTFM  Alio  ppy.PPNKNTS 

The  size  and  conf iguration  of  the  data  handling  subsystem 
is  a direct  function  of  the  soph istleation  of  the  MLMS.  For 
many  configurations,  immediate  access  to  data  acquired  within 
the  past  hour  Is  probably  sufficient.  For  a MLMS  with  a more 
sophisticated  warning  subsystem  and/or  a prediction  system  im- 
mediate access  to  a larger  data  base  is  required.  The  require- 
ments for  such  a data  base  are  discussed  in  Sections  11.3.2, 

5.3  and  6.  When  a predictlonal  system  Is  used,  the  data-handl- 

ing  subsystem  may  serve  as  an  interface  between  the  MLWS  and  the  I 
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MLPS . Data  may  be  stored  in  a number  of  forms  as  described 
below . 


4.5*1  Ana lop  Data 

Most  existing  mooring  load  monitoring  systems  use  a chart 
recorder  as  the  primary  method  of  data  display;  therefore,  a 
means  of  conveniently  storing  the  charts  is  the  only  requirement 
of  the  data  handling  subsystem.  An  operator  cannot  reasonably 
be  expected  to  make  judgements  on  recordings  of  shock  or  impulse 
loads.  He  can  follow  trends  in  the  peaK  loads  to  estimate  future 
loading.  Consequently,  the  recorder  chart  speed  can  be  very 
slow.  As  an  example,  if  one  wished  to  display  a 10-second 
period  (or  1 10  cycles  sec)  oscillation  on  1 S inch  of  chart, 
the  required  chart  speed  is  45  inches  per  hour.  This  further 
computes  to  00  feet  per  day.  This  is  not  a re common da t ion  of 
chart  speeds  (Figure  3-1  is  a typical  chart  recording),  but 
does  illustrate  the  small  volume  of  paper  required  for  low  fre- 
quency recording.  The  space  required  to  store  records  of  a year' 
operation  at  one  SPM  is  not  very  large.  it  is  reasonable  to 
consider  storing  six  months  of  chart  records  for  four  to  six 
SPMs  on  the  control  platform.  The  time  period  for  retaining 
recordings  would  depend  on  the  expected  use  of  the  data.  For 


example,  the  U.S.C.G.  might,  wish  to  examine  such  records  in 
the  event  of  a breakout  and/or  oil  spill.  Data  on  hawser  load 
history  might  become  part  of  the  data  base,  Section  4.3.2,  and 
be  retained  indefinitely. 

Analog  data  can  be  recorded  on  magnetic  tape  which  is  more 
useful  for  data  analysis.  This  might  be  done  as  part  of  an 
R&D  effort  to  provide  better  prediction  and  warning  schemes. 
Magnetic  tape  recording  is  more  expensive  than  paper  chart 
recording,  and  requires  more  maintenance.  In  addition,  magnetic 
tapes  can  be  erased  or  garbled  if  not  handled  properly.  Since 
a 1 operating  port  is  not  likely  to  routinely  collect  data  for 
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R&D,  the  provision  of  a magnetic  tape  interface,  for  R&D  use, 
probably  adequate. 

4.5.2  Digital  Data 

When  it  is  likely  that  computer  processing  of  stored  data 
will  be  required,  it  is  convenient  to  store  data  in  digital 
form.  A requirement  to  handle  digital  data  will  exist  for  any 
of  the  following  cases: 

1.  The  MLMS  warning  subsystem  uses  computer  processing 
of  measured  load  data. 

The  MLWS  uses  computer  processing  of  measured  data 
or  a stored  data  base . 

3.  Data  are  to  be  collected  for  use  in  the  development 
of  items  one  and  two. 

In  the  first  two  cases,  the  data  handling  software  could  be, 
ar.c.  probably  should  be,  part  of  the  required  MLMS  and  MLWS 
programs  . The  last  case  is  essentially  a data  acquisition  or 
data  logger  requirement.  There  are  many  off-the-shelf  systems 
which  can  perform  this  last  function  at  a relatively  low  cost. 
If  a larger  computer  were  used  for  other  purposes  in  the 
control  room,  it  could  perform  this  function  with  little  or  no 
increase  in  working  memory.  The  main  requirement  is  for  perma 
nent  off-line  storage. 

Permanent  storage  for  all  three  cases  would  probably  be 
magnetic  tape,  disc  or  floppy  disc . The  amount  of'  data  to  be 
stored  and  the  operating  environment  make  punched  paper  tape 
and  cards  unattractive. 

Finally,  all  of  the  data  to  be  handled  and  stored  will 
probably  not  come  fron  instrumentation.  The  operators  may  be 
required  to  enter  data  of  various  types,  such  as  environmental 
data  or  weather  predictions  (see  Section  5).  Operator  inputs 
could  be  vLa  a normal  computer  terminal,  data  logger  keyboard, 
or  special  keys  on  a control  console . .The  data  from  instrumen- 


ts 
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tation,  such  as  loads,  wind,  waves,  etc.  might  be  reduced  before 
storage.  Statistics  of  the  data  or  histograms  might  be  stored. 

*1 . 5.3  Video  Storage 

Video  tape  storage  could  be  very  useful  when  CRT  data  dis- 
plays are  used.  Displays  could  be  recorded  for  later  examination 
or  analysis.  This  is  particularly  useful  when  a large  amount  of 
data,  acquired  during  demanding  situations  such  as  severe 
weather,  are  to  be  reviewed.  However,  video  tape  storage  is 
redundant  if  digital  data  is  stored. 

*1 .6  WARNING  SUBSYSTEM  ADD  COMPONENTS 

To  ensure  proper  use  by  pert  personnel  or  the  ship's  master 
of  a load  monitoring  or  a load  prediction  system,  the  systems 
must  have  effective  warning  subsystems.  Experience  from  com- 
parable situations  has  shown  that  human  surveillance  of  data 
displays  alone  is  not  adequate,  particularly  when  personnel  are 
on  duty  for  more  than  a few  hours  (Brackner  and  McGrath,  196?^. 

A warning  subsystem  will  consist  of  warning  devices, 
(typically  both  aural  and  visual  devices),  a transmission  link 
between  control  center  and  ship,  a suitable  logic,  hardware  and 
sorftware  for  activating  the  warning  devices,  and  perhaps  a 
means  for  deactivating  warning  signals.  Warning  devices  will, 
typically,  be  installed  at  several  locations.  The  warning 
devices  must  unequivocally  direct  attention  either  to  the 
existence  of  a dangerous  situation  requiring  immediate  and 
decisive  action  or  to  a condition  of  imminent  danger  requiring 
great  vigilance. 

*1.6.1  Decisive  Action 

Decisive  action  will  generally  be  taken  by  the  ship's 
master.  He  may  take  decisive  action  of  his  own  volition  and/or 
as  a result  of  a recommendation  of  port  personnel.  Ideally,  with 
a good  data  display  and  warning  system,  the  master  and  port  per- 
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load  readouts , wind  and  wave  conditions  and  ship  yawing  motion.-,, 
to  carry  out  available  actions  to  reduce  loads  (steering  or 
rudder,  use  of  thrusters,  etc.)  and  to  alert  cargo  handling 
personnel  to  the  situation.  Seme  clear  differentiation  between 
the  nature  of  these  two  situations  is  therefore  needed  in  the 
warning  system. 

Statistics  of  measured  response  are  considered  much  less 
useful  than  are  peak  values  for  direct  triggering  of  an  alarm. 
Statistical  measurer.  (RMS,  significant,  one-hundredth  highest 
or  l/n'tli  highest."'  are  only  valid  when  sampled  over  a relatively 
long  period  (see  Appendix  P,  Section  111).  Such  m- a surer  are 


most  appropriate  when  used  in  a prediction  scheme  which  can 
adequately  relate  peak  values  to  relatively  long  term  statistical 
va 1 ue  s . 

It . 6 . 3 Typer,  of  Warning  Pe vices 

Warning  devices  are  generally  of  the  aural  (auditory'  and 
visual  typer..  Specific  typer  of  devices  which  might  be  used  in 
a mooring  load  monitoring  system  include: 

1.  Horns,  whistles,  bells,  sirens  and  burners  ^ aural  ' 

2.  Prerecorded  verbal  messages  (aural' 


3 .  bights  (visual"! 

. Written  console  messages  (visual'. 

These  devices,  whose  characteristics  and  performance  are  dis- 
cussed in  Appendix  ’,  can  be  used  alone  and  in  various  comb  inat  . 

Horns,  whir. ties-,  bells,  sirens  and  loud  burners  are  gener- 
ally excellent  at  tent- ion-get  ting  devices,  and  generally  have  good 
ability  to  penetrate  background  noise.  They  are  difficult,  if 
not  impossible,  to  ignore.  They  can  indicate  the  need  for  act  lot:, 
but  not  the  required  type  of  action.  It  is  feasible  to  provide 
two  types  of  warnings  by  using  steady  and  intermittent  signals. 
Kxporienee  indicates  that  the  use  of  more  than  two  separate  aural 
signals  or  devices  can  result  in  confusion. 


ij 
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Prerecorded  verbal  me s racier.  Lruiieate  specific  action(s) 
required.  If  sufficiently  loud,  they  can  be  effective  attention- 
getting  devices.  State-of-ttu'-art  aircraft  warning  systems  rely 
on  a succinct,  repeated  message  (Hunter,  I9e9) . Succinct  message 
are  clearly  desirable.  The  message  should  be  louder  then  ambient 
noise,  but  below  the  threshold  of  pain  (about  yo  db  for  the 
desired  500-400  Us  frequency  range ) . 

Lights,  are  generally  better  suited  as  cueing  devices,  than 
as  prime  a t;  ten  tion-ge  t te  rs  . They  are,  however,  useful  for  direc- 
ting attention,  once  gained,  to  a data  display  or  a warning 
message  (Dorfman  and  Holstein,  1 0 Y l ) . They  are  also  useful  for 
maintaining  attention  after  an  aural  device  has  been  turned  off. 
dolor  must  be  selected  with  care.  Both  visibility  and  human 
visual  handicaps,  as  discussed  in  Appendix  C,  must  be  considered. 
Bed  is  usually  favored  but  other  colors  may  provide  better 
visibility  under  some  conditions.  The  use  of  several  warning 
lights  of  different  eolers  can  cause  confusion. 

Wri.tt-'n  message  displays  can  be  of  tin?  CRT  r multiple- 
light  type.  CRT  displays  will  probably  be  mere  compact  for 
longer  messages , but  care  must  be  taken,  as  described  in  Appendix 
C,  to  ensure  good  visibility.  Light  displays  must  be  relatively 
large  for  good  ledgibility,  but  avoid  the  complexity  of  color 
CRT  displays.  A single  CRT  display  can  be  used  for  both  data 
display  and  warning  messages. 

To  avoid  confusion,  which  defeats  the  purpose  of  a warning 
system,  combinations,  of  warning  devices  must  be  carefully  chosen . 
Probably  no  more  than  one  aural  device  should  be  used,  even  at 
the  control  center  of  a port  handling  two  or  more  ships.  This 
aural  device  directs  attention  to  visual  devices  which  specify 
the  ship  or  ships  causing  the  warning.  pa  rate  lights  should 

be  used  for  each  ship  if  separate  data  displays  are  used  for 
each  ship  (Dorfman  and  Goldstein,  1971). 


-4  .Prj- 


4 .6  . 4 Redundancy  of  Warn  Inn;  Devices 

Experience  with  warning  systems  indicates  that  redundancy 
Is  a necessary  feature  of  such  systems.  An  appropriate  system, 
as  shown  in  Figure  4-8,  provides  redundancy  through  the  uso  of 
both  aural  and  visual  devices  (say  horn  and  light)  at  both  the 
control  center  and  the  ship.  This  is  somewhat  more  complicated 
than  those  used  in  typical  existing  mooring  load  monitoring  sys- 
tems, which  provide  only  an  aural  device  on  the  ship.  The  use 
of  two  devices  on  the  ship  is  necessary  to  provide  for  more  than 
one  type  of  warning.  Care  must  be  taken  to  ensure  that  essential 
voice  commun i cat ! one  can  take  place  during  an  aural  warning. 

It  is  desirable  that  the  visual  warning  consist  of  an 
attention-getting  device  (say  a flashing  light  1 which  directs 
attention  to  a written  message  (say  on  a CRT  display'  which 
describes  the  reason  for  the  warning  and  indicates  required 
act  ion . 


It  is  not  considered  necessary  or  useful  t 
devices  on  a SPM  buoy.  If  warning  devices  are 
ship,  the  buoy  location  is  redundant.  Warning 
buoy  are  not  considered  a suitable  alternative 
of  warning  devices,  and  data  displays,  as  propos 
4.6.S  Human-Warning  System  lut  'met  ion 


provided  on  the 
devices  or.  the 
to  a combination 
cd,  on  the  ship. 


Warning  systems  of  load  monitoring  systems  are  designed 
to  provoke  human  actions. . !n  addition,  existing  load  monitoring 
systems  generally  provide  for  human  interaction  with  these  warn- 
ing systems  through  an  ability  of  operating  personnel  to  change 
the  warning  load  level  and  to  "accept",  and  hence  defeat  a warn- 
ing by  supressing  the  primary  aural  signal.  Such  interactions 
are  acceptable  only  if  the  warning  does  not  require  decisive 
action . 

Experience  with  aircraft  cockpit  warning  systems,  which 
are  in  many  ways  analogous  to  a mooring  load  warning  system, 
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has  shown  that  operating  personnel  cannot  be  permitted  to  modify, 
defeat  or  ignore  warnings  which  require  decisive  action  (Hunter, 
1969) • Based  on  available  experience  with  warning  systems,  it 
is  concluded  that: 

l.  It  must  be  sufficiently  difficult  to  change  warning 
load  levels  during  normal  operation  of  the  load  moni- 
toring system. 

When  a warning  requiring  decisive  action  occurs,  oper- 
ating personnel  must  not  be  able  to  modify  the  warning 
to  a point  where  it  can  be  ignored,  i .e . , turning  off 
a horn  or  siren. 

1.  When  a warning  occurs,  which  does  not  require  decisive 
action,  it  should  be  possible  under  certain  conditions 
to  modify  but  not  defeat  the  warning. 

In  the  latter  case,  it  is  proposed  that  the  aural,  not  the  visual 
part  of  the  warning,  could  be  supressed,  but  only  by  agreement 
of  and  action  by  personnel  at  the  control  station  and  on  the 
ship.  Continued  existence  of  the  conditions  which  triggered  the 
warning  should,  after  a period  of  say  five  minutes,  deactivate 
the  aural  part  of  the  warning. 

Termination  of  a warning  Is  not  straightforward,  for  cases 
when  operating  personnel  are  prohibited  from  affecting  termin- 
ation. Termination  of  cargo  transfer, the  crucial  ivsponse  to  a 
warning,  does  not  provide  a ready  median  Ism,  although  a s.ero 
cargo  transfer  rate  could  be  used  to  terminate  the  warning.  A 
sustained  core  measured  load,  which  could  be  due  to  d 1 s connect  Ion 
or  failure  of  the  hawser  or  MLMS  failure,  could  be  used  to 
change  the  warning  logic  so  that  the  warning  could  be  more  easily 
terminated.  in  the  absence  of  these  conditions,  the  aural  warning 
could  be  terminated  in  the  same  manner  as  a nondecisive  warning, 
but  actual  termination  would  only  occur  five  minutes  after  the 


i 

last  condition  requiring  a warning.  It  should  also  be  possible, 
although  intentionally  difficult,  for  personnel  at  the  control 
center  to  supress  the  warning  subsystem  in  cases  of  malfunction 
which  cause  spurious  warnings. 

4.7  DISPLAY  SUBSYSTEM  A TIP  COMPONENTS 

The  display  subsystem  provides  a man/machine  interface  in 
a MLMS . Human  factors,  therefore,  play  an  important  role  in  its 
design.  The  first  consideration  is  the  functions  the  display 
must  serve.  Its  primary  purpose  is  to  provide  a convenient  means 
of  monitoring  mooring  loads.  Other  typical  functions  are  to 
provide  more  specific  information  about  problems  or  malfunctions 
when  an  alarm  occurs  and  to  provide  a permanent  record  of  load 
history  and  warnings. 

Section  4.6  discussed  methods  for  directing  operator  atten- 
tion to  a specific  display  after  an  alarm  has  sounded.  At  a 
multiple  SPM  port  it  is  essential  that  display  messages  be  un- 
ambiguous and  be  visible  at  the  largest  possible  distance  and 
viewing  angle.  The  following  are  candidate  displays  for  D1.TP  use: 

1.  Meters  and  Lighted  Bar  Charts 

2.  Strip  Chart  Recorders 

3.  Cathode  Ray  Tube  (CRT)  Displays  and  Terminals 

4.  Digital  Printers 

They  will  be  discussed  individually  in  the  following  sections. 

4.7.1  Meters  and  Lighted  Bar  Charts 

There  are  many  types  of  meters  with  a wide  variety  of 
scales  and  indicators.  Analog  meters  usually  have  a rotat ing 
or  sliding  mechanical  or  light  pointer.  More  recently  light 
emitting  diodes  and  similar  devices  have  been  used  to  make 
lighted  bar  type  meters.  A meter  display  of  the  instantaneous 
value  of  load  is  of  little  value  since  it  must  continuously  be 
monitored  to  get  useful  information.  Such  devices  could  be 
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lin'd  to  display  Load  statistics,  or  peak  loads  for  a given  peri- 
od. A lighted  bar  or  a digital  meter  would  be  the  best  choice 
for  viewing  from  a distance. 

’ • V • ' Strip  dhart  Koeorder:- 

Most  existing  MLMSs  use  a strip  chart  recorder  far  the 
display.  A great  deal  of  information  is  contained  in  a record- 
ing. When  an  alarm  occurs.,  the  operator  can  immediately  see  the 
magnitude  of  the  peak  load,  the  time  of  occurrence , and  the  vari- 
ation of  loads  preceding  this  peak  load.  A one-hour  record 
requires  a relatively  short  chart;  therefore,  load  trends  can  be 
quickly  determined.  This  trend  information  greatly  assists 
- v .i  s ion-mak ing . The  operator  can  perform  the  load  prediction 
funot ion  in  a system  which  uses  a chart  recorder  display. 

In  the  past,  chart  recorders  have  had  one  major  flaw.  The 
writ ing  mechanism  (pen!  required  frequent  attention  to  keep  it 
functioning  properly.  Ink  pens-  tend  to  Leak  or  become  clogged, 
k at.  ctyli  were  difficult  to  keep  adjusted  without  burning  the 
. ■>!'  >• . Pressure  sensitive  paper  worked  rather  well  but  became 
-itched  and  marked  easily  when  the  charts  were  reviewed.  In 
t lie  past  few  years  improvements  (such  as  cartridge  pens  and 
b - 1 ter  s.pecial  paper'  have  been  made,  and  acceptable  writing 
mechanisms  are  available. 

. f . t PRT  Pi  splays  and  Terminals 

A Cathode  Hay  Tube  display  can  be  used  for  two  types  of 
displays.  The  first  type  is  an  oscilloscope  to  display  instan- 
t.m-'us  loads  in  the  same  manner  as  a chart  recorder.  Recent 
load  history  could  be  displayed  on  a storage  oscilloscope  with 
permanent,  storage  of  load  history  on  magnetic  tape.  Several 
factors  such  as  cost  and  care  of  storing  magnetic  tape  make 
use  of  a chart  recorder  more  attractive  in  the  control  room; 
however,  a small,  lightweight  ose.illos'opo  might  be  carried 
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aboard  ship  as  a remote  display.  Frames  or  fixed  period  records 
of  the  load  could  be  transmitted  from  the  control  room  to  the 
ship  to  display  the  most  recent  load  history  or,  on  request, 
previous  frames  of  load  history.  In  addition,  the  predicted 
peak  load  could  be  displayed  on  the  oscilloscope  in  digital  form 

The  CRT  terminal  is  perhaps  more  familiar  to  computer  and 
process  control  operators.  It  could  be  used  in  a MLMS  to  dis- 
play printed  warning  messages,  bar  charts  or  graphics  such  as 
a port  diagram.  A color  diagram  of  the  platform  and  SPMs  could 
display  a large  amount  of  information  in  a small  area.  The  eolo 
of  the  SPM  symbol  could  represent  normal  or  high  leads.  This 
might  be  supplemented  with  printed  messages.  Secticn  4.6 
discusses  the  impact  of  factors  on  the  selection  and  use  of 
such  displays.  The  use  of  colors  is  discussed  in  Appendix  A. 
4.7. 4 Digital  Printers 

Digital  printers  and  plotters  could  be  used  to  display  the 
same  information  as  a CRT  terminal.  A plotter  is  not  a cost- 
effective  or  practical  display  for  MLMS  use;  however,  printed 
alpha-numeric  messages  are  very  useful.  One  advantage  i.-  that 
a permanent  record  is  made.  A disadvantage  is  that  pri:ited 
messages  generally  cannot,  be  seen  well  from  a distance.  This 
would  give  it  a lew  rating  as  a warning  display  device. 

All  display  devices  are  compared  and  rated  for  DWP  use  in 
Section  5- 

4.8  C KKFRAi  SirC  1 FT  CAT  TOWS  FOR  Mi, MS,  SUP8VSTFMS  ARC  0 CM  DOR- LTD 

Detailed  specifications  for  a MLMS  can  only  be  developed 
when  the  deepwater  port  configuration  and  requirements  are 
known.  The  specifications  in  this  section  are,  therefore, 
general  and  are  intended  to  be  applicable  to  any  probable  1'.  S. 
DWP.  Overall  system  sooci fi cat  Ions  are: 


K f tVe  t i ye ness  : The  overfill  system  must  be  capable  of  mak- 
ing load  measurements , displaying  results  and  sounding 
unambiguous  alarms.  It  must  operate  with  a specified 
accuracy  and  a known  and  acceptable  reliability. 

A ecu  racy : The  overall  system  accuracy  should  be  - 5 per- 
cent or  better.  This  includes  the  combined  accuracies  of 
moa.uivm.'nt , *,  .••  ->nsmi  ssicn,  display  and  alarms,  is  well  as 
all  effects  of  temperature,  humidity,  hysteresis  and  norl- 


and on  lib 


After  operational  experience  has  beer,  gained 
it  ion  and  maintenance  procedures  have  been 


refined,  this  figure  can  probably  be  improved,  existing 
system  descript  ions  quote  sensor  accuracies  of  - l percent, 
but  ne  overall  system  accuracies  are  specified. 

qu  r -y  Response:  Hardware  is  available  to  provide  a 
system  ’'roqu ency  response  greater  than  that  'veu*  red  for 
mooring  1 sad  measurements  and  predictions.  Data  sampling 
rates  and  other  factors  can  limit  frequency  resncn.sc , and, 
therefore,  must  be  carefully  considered.  Shock  leads  can 
cause  significant  reduction  in  hawser  breaking  etr-'ngth  as 
is  scribed  in  Section  8.3,  and  it  is  therefore  r ecm.rn.cn.  ied 
that  the  MLMS  have  a sufficiently  high  .'requeney  re.  pense 
to  determine  maximum  hawser  loading  rates.  A frequency 
respons-e  of  one-half  Herts  is  considered  desirable  and  is 
the  recommended  overall  system  frequency  response,  even 
though  this  frequency  is  higher  than  the  maxi mu-  expected 
wave  frequency  to  0.35  Hertz).  The  higher  frequency 

response  ensures  accurate  determination  of  peak  loads 
and  peak  loading  rates . If  a data  sampling  system  is  used, 
the  sampling  rate  will  be  determined  by  this  frequency 


response . 


Reliability:  The  reliability  and  availability  required  of 
a MLMS  will  depend  on  the  approach  adopted  by  the  DWP.  It 
may  be  reasonable  to  require  that  the  MLMS  be  operational 
before  a ship  is  allowed  to  moor  and  if  it  fails,  cargo 
transfer  must  stop  and  perhaps  the  ship  leave  the  mooring. 

This  policy  has  been  adopted  by  the  operators  of  at  least 
one  facility.  If  this  policy  is  adopted,  the  port  operator 
working  with  the  MLMS  supplier  will  determine  an  acceptable 
system  reliability  and  availability  consistent  with  the 
costs  of  port  closing  due  to  MLMS  failure. 

The  regulatory  approach  of  requiring  the  MLMS  to  be 

U 

operative  has  important  advantages.  Detailed  monitoring 
of  MLMS  specification,  design  and  equipment  testing  is 
not  required.  Also  the  reliability  and  availability  tends 
to  be  self-correcting  since,  if  the  availability  is  low, 
the  port  operator  will  have  very  strong  economic  incentive 
to  improve  the  system.  This  approach  to  MLMS  reliability 
and  availability  does  require  that  periodic  inspections 
be  made  to  ensure  that  in  fact  the  operating  policy  is 
being  followed. 

The  actual  reliability  and  availability  of  MLMS  at 
existing  SPM  installations  could  not  be  documented  since 
accurate  records  are  not  kept.  However,  one  operator 
reported  availability  amounted  to  about  one  day  of  outage 
per  year.  There  is  no  inherent  reason  why  very  high  reli- 
ability and  availability  cannot  be  obtained  and,  in  fact, 
seem  to  have  been  obtained  with  well-designed  systems.  Thus, 
the  requirement  that  the  MLMS  be  operative  should  not 
impose  an  unacceptable  operational  limitation. 

Inspection  and  Maintenance : These  parameters  are  best 
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specified  for  the  individual  subsystems  and  components; 
however,  total  system  inspection  and  routine  maintenance 
requirements  must  be  minimized  to  keep  operating  costs 
within  reason.  Existing  systems  using  batteries  on  the 
buoy  typically  require  battery  replacement  at  three  to  six 
month  intervals.  These  are  reasonable  periods  for  on-buoy 
maintenance  and  inspection. 

Post : Typical  load  monitoring  systems  with  shear  pin 

sensors,  radio  or  acoustic  links  to  ship,  chart  recorders, 
alarms  and  rechargeable  batteries  cost: 

PALM  $30,000  - $U0 , 000  (Radio  Link l 

$ POO, 000  with  measurement  of  environmental  data. 

SALM  $100,000  (Acoustic  Link) 

With  SALMs  the  cost  will  increase  with  increasing  trans- 
mission distance.  For  distances  of  more  than,  say,  one- 
half  mile,  an  acoustic  relay  buoy  or  mere  probably  an 
acoustic  link  - cable  system  will  be  required.  Underwater 
cable  systems  will  probably  cost  two  to  three  dollars  per 
foot  plus  installation  costs.  Installation  costs  for  burieu 
cables  will  probably  be  acceptable  only  If  the  MLMS  cables 
can  be  buried  with  other  cables  or  pipes  between  the  buoy 
and  the  PUP.  Systems  for  alongside  moorings  with  $0  moor- 
ing hooks  cost,  typically,  $100,000  to  $150,000.  The 
addition  of  a sophisticated  data  processing,  display  'storage 
system  such  as  that  being  supplied  by  Interstate  Electronics 
Corporation  for  the  Exxon  Honda  facility  will  probably  add 
$30,000  to  $40,000  to  the  cost  of  a MLMS. 
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4.8.1  Load  Measurement  Subsystem  Specifications 


The  specifications  for  the  load  measurement  subsystem  are 
generally  more  stingent  that  those  for  any  other  subsystem.  Some 
general  specifications  are  given  in  Table  4-3,  including  speci- 
fications for  the  individual  components  where  applicable. 

4.8.?  Data-Handling  Subsystem  Specif ications 

The  specifications  of  a data-handling  subsystem  are  deter- 
mined by  the  requirements  of  the  load  warning  subsystem  and  the 
MLPS  which  are  discussed  in  Sections  4.8.3  and  6.  Since  suitable 
data  processing  hardware  is  readily  available  from  many  sources, 
detailed  equipment  specifications  are  not  given  here. 

4.8.3  Load  Warning  Subsystem  Specifications 

The  primary  requirement  for  the  warning  subsystem  is  ade- 
quacy of  alarms.  The  aural  and  visual  warning  devices  must  have 
signal  characteristics  (intensity,  frequency,  color,  etc.'  which 
permit  them  to  be  heard  and  seen  at  all  times  in  the  ambient  en- 
vironment (control  center,  ship's  bridge,  etc.',  as  described  in 
Section  4.6  and  Appendix  C.  These  devices  can  and  should  have  a 
very  high  reliability  (say  at  least  one  year  mean  time  between 
failure)  and  a minimum  down  time  (say  four  hours  mean  time  to 
repair).  Means  must  be  provided  for  checking  the  operability 
of  all  warning  devices  and  repairs,  when  required,  should  be  made. 

4.8.4  Data  Display  Subsystem  Specifications 

The  data  display  subsystem  must  be  an  effective  interface 
between  the  MLMS  and  port  personnel  and/or  the  ship's  master. 
Subsystem  specifications  are  given  below  and  individual  com- 
ponent specifications  are  listed  in  Table  4-4. 

Accuracy:  In  general  display  component  accuracies  are 

better  than  measurement  component  accuracies  and  thore- 
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fore  contribute  very  little  to  system  errors.  Typical 
component  accuracies  vary  from  .001  percent  to  3 percent. 

Frequency  Response : Display  subsystem  components,  except 
for  strip  chart  recorders  and  mechanical  meter  movements, 
have  response  characteristics  much  better  than  that  re- 
quired for  MLMS  use.  Since  chart  recorders  and  meters  are 
not  likely  to  be  used  for  determining  shock  loads,  their 
frequency  response  characteristics  are  of  minor  concern. 

del iabi lity : Display  subsystem  components  are  critical 
■’or  proper  MLMS  operation  and  must  be  very  reliable.  Re- 
dundancy of  displays  increases  reliability  and  is  desir- 
able for  other  reasons  (see  Section  4.6.3}  • Many  display 
components  are  available  which  have  sufficient  reliability 
for  control  room  use.  Components  for  shipboard  use  must 
meet  more  stringent  specif ications  and  may  be  more  diffi- 
cult, but  not  impossible,  to  obtain. 

mi  tv- to  on  and  Maintenance:  The  display  subsystem  is 
accessible  to  personnel  at  ail  times;  therefore,  inspec- 
tion and  maintenance  of  components,  per  manufacturer ' s 
recommendations,  should  be  no  problem.  It  is  necessary 
to  periodically  (1  to  6 months,  depending  on  component 
type',  check  the  calibration  cf  these  components  to  ensure 
that  system  accuracy  Is  maintained. 

Loo at  Lon : A display  subsystem  is  required  in  the  control 
room.  It  is  recommended  that  display  components  also  be 
located  on  the  ship's  bridge. 

A iaptabilitv:  The  display  subsystem  design  should  be 
flexible  so  that  it  cat)  be  easily  up-graded  when  system 
improvements,  such  as  Improved  prediction  techniques, 
are  made . 


Size  and  Weight:  Neither  the  size  nor  weight  of  compon- 
ents located  in  the  control  room  are  critical;  however, 
components  carried  aboard  ship  must  be  very  small  and 
lightweight.  Such  components  are  available. 

-- S-~  The  cost  of  the  display  subsystem  is  not  a large 
part  of  the  MLMS  cost.  Component  costs  can  range  from 
$50  for  a simple  meter  to  $1500  for  a good  portable 
oscilloscope . 

It  is  possible  to  have  a good  display  subsystem  both  in  the 
control  room  and  on  the  ship. 


TYPICAL  COMMERCIAL  BATTERY  TYPES  AND  REPRESENTATIVE  CHARACTERISTICS 


Low  - under  $100 
Medium  - $100  to  $300 
High  - $3 00  to  $5 00 
Highest  - Over  $500 
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LOAD  MEASUREMENT  SUBSYSTEM  SPECIFICATIONS 


COMPONENT 

SPECIFICATION 


1.  Sensor 

a.  Accuracy 


b.  Reliability 


Inspec t Ion 


Calibre,  t ion 


"a  ’ r. 


ter.ance 


Weight 


VALUE  UNITS  COMMENTS 


+ 1 Percent  Includes  effects  of  temperature, 

humidity,  hysteresis  and  non- 
linearities.  Typical  existing 
units  are  specified  f 1 to 
+ 2 percent 

This  is  a critical  component; 
therefore,  reliability  must  be 
sufficient  to  ensure  MLMS 
reliability. 

Each  time  SPM  is  serviced, 
inspect  for  physical  damage, 
wear,  corrosion,  biofouling, 
and  loss  of  waterproofing  of 
cable  or  connectors. 

In  situ  check  of  calibration  (low 
loads  only)  should  be  possible 
using  a service  boat  (or  tug)  with 
a calibrated  load  cell  to  apply  load. 


Cleaning,  emphasis  on  freedom  from 
mechanical  restriction,  and  repairs 
as  required. 

100  lbs.  Present  units  weigh  less  than  100 

max.  lbs.  This  should  be  upper  limit 

for  sensors  which  are  not  mounted 
on  mooring  components. 


Transmission  Equipment 

Accuracy  +* 


b.  Reliability 

c.  Inspection 


d.  Maintenance 


Percent  All  errors  introduced  in  signal 

transmission  must  be  of  this  order 
(+1  percent  worst  cause)  if  MLMS 
accuracy  of  +?  percent  is  to  be 
achieved. 

Same  as  Item  l.b. 

Each  time  SPM  is  serviced,  inspect 
for  physical  damage,  corrosion, 
loss  of  waterproofing,  etc.  If 
radio  is  used,  port  operator  must 
ensure  conformance  to  all 
applicable  FCC  regulations. 

Periodic  (once  or  twice  a year) 
alignment  of  transmitters  and 
receivers  (radio  and/or  acoustic) 
may  be  required. 
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DATA  DISPLAY  SUBSYSTEM  SPECIFICATIONS 


ITEM 

SPECIFICATION  VALUE  IHITS 


COMMENTS 


1. 

Analog  Displays 
a.  Accuracy 

±* 

Percent 
in  control 

room 

All  display  devices  must  have 
accuracy  of  this  order  if  MLVc 
accuracy  of  +_**  percent  is  to 

be  achieved. 

±3 

Percent 
on  ship 

b.  Response 

10 

Second 

For  response  to  full  scale 
input  step  (mere  critical 
chart  recorder.-  than  met--* 

Most  good  recorder.-'  have 
response  timer  or.  the  order 
of  1 second. 

; 

i 

c.  Reliability 

This  is  a critical  eompor.-*\i': 
therefore  reliability  -.i  ■ 
sufficient  to.  or.,  ure  rr-c  led 

MLMS  reliability. 

d.  Calibration 

Calibration  .emt-ate  fr  ■ 
system  cal IV* rat  ion  fla:  - 
4-4,  l.d.  calibrate:  y - 
teml.  Can  and  ahcul  ■ h-- 
done  on  a regular  rrho.iu'.  . 

I 

e.  Maintenance 

Display  component;-  of  the 
type  required  are  genera'  v 
low  maintenance  items  . 

1 

Digital  and  Message 
Displays 
a.  Accuracy 

Digital  display?  and  mete- 
are  generally  much  more 
accurate  titan  analog  lev  ice  •• 
and  therefore,  contribute 
very  little  to  system  error:  . 

b.  Visibility 

Visibility  ! :*  very  Import  a’  t . 
Selected  device:  must  be 
visible  over  the  entire  range 
of  an  operator's  normal 
working  area. 

I 

c.  Reliability 

Same  as  l.d. 

d.  Maintenance 

Same  as  1 .o  . 
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SHIP'S  BRIDGE 
DISPLAY  AND 
WARNING 


MEASUREMENT 

SUBSYSTEM 

1.  SENSOR 

2.  SIGNAL 
CONDITIONER 

3.  TRANSMITTER 

4.  POWER  SUPPLY 


RECEIVER  r~r 


DATA  DISPLAY 
SUBSYSTEM 

1.  METERS 

2.  RECORDERS 

3.  PRINTERS 

4.  CRT  TERMINAL 


LOAD  WARNING 
SUBSYSTEM 

1.  SOFTWARE 

2.  D.  P.  HARDWARE 

3.  WARNING  DEVICES 


POSSIBLE  INPUTS 
TO  SYSTEM 

1.  CONDITION  OF 
SHIP  FITTINGS 

2.  CONDITION  OF 
HAWSER 

3.  ENVIRONMENT 
(WIND,  WAVES 

AND  CURRENT) 

4.  SHIP  CHARACTERICS 

5.  SHIP  LOADING 

6.  WEATHER  FORECAST 


SIGNAL  PATHS 

POSSIBLE  PATH  FOR  PREDICTION 
METHODS  I AND  2 
INDICATES  POSSIBLE 
SHARING  OF  HARDWARE 
TWO  WAY  DATA  BUS 


DATA  HANDLING 
SUBSYSTEM 
1 . SOFTWARE 

2.  D.  P.  HARDWARE 

3.  DIGITAL  STORAGE 

4.  ANALOG  STORAGE 

5.  VIDEO  STORAGE 


T T 

i • 


PREDICTION  SYSTEM 
1 . SHORT-TERM 

a.  HUMAN  EXTRAPOLATION 

b.  AUTOMATED  EXTRAPOLATION 

2.  MEDIUM-TERM  EXTRAPOLATION 

3.  LONG-TERM 

a.  EMPIRICAL 

b.  THEORETICAL-EMPERICAL 


Note:  (1)  DATA  AT  SHIP  COUID 
BE  DIRECT  FROM  SPM  BUT 
WOULD  PROB4BIY  Pr 
TRANSMITTED  BY  CONTROL 
ROOM  TO  SHIP 


FIGURE  4-1  - BLOCK  DIAGRAM  OF  GENRAL  MOORING  LOAD  MONITORING 
AND  PREDICTION  SYSTEMS 
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POWER  SUPPLY 


PIGURE  4-2  - BLOCK  DIAGRAM  OF  MINIMUM  USEFUL  MLMS  FOR 
USE  AT  U.  S.  DWPS 


POWER  SUPPLY 


FIGURE  4-3  - BLOCK  DIAGRAM  OF  RECOMMENDED  MLMS  FOR  INITAL 
USE  AT  U.  S.  DV/PS 


POWER  SUPPLY 


FIGURE  4-4  - BLOCK  DIAGRAM  OF  IMPROVED  ML  MS  FOR  USE  AT 
U.  S.  DWPS 


FIGURE  4-5  - TYPICAL  SALM  WITH  RISER  SHOWING  POSSIBLE 
ELECTRICAL  CABLE  LOCATIONS 
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FIGURE  4-6  - TYPICAL  CHAIN  ANCHORED  SALM  SHOWING  POSSIBLE  ACOUSTIC 
TRANSMITTER  AND  RECEIVER  LOCATIONS 


modulation 


J1 IT  — — -if H 


JULJULJIJIJIILJU 


•hi** 

nil 


LI 


fin 


Ki'ii 

•••••« 

him. 


uu 


nir^  nrv 

i • : 


liluill 


I 


pn 


pam 


ji_riruiJLJi_n_n  Pd 


m 


ppm 


pfm 


ptm 


pcm 


NOTES: 

pam  - PULSE  AMPLITUDE  MODULATION 
pcm  - PULSE  CODE  MODULATION 
pdm  - PULSE  DURATION  MODULATION 
pfm  - PULSE  FREQUENCY  MODULATION 
ppm  - PULSE  POSITION  MODULATION 


FIGURE  4-7  - PULSE  MODULATION  METHODS 


FIGURE  4-8  - BLOCK  DIAGRAM  OF  TYPICAL  WARNING  SYSTEM 

USING  RADIO  LINK,  WITH  TWO  TYPES  OF  WARNINGS 
AND  A SCHEME  FOR  PARTIAL  DEFEAT  OF  AURAL  DEVICE  ( S) 
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SECTION  5 


CRITICAL  COMPARISON  OF  MOORING  LOAD  MONITORING  SYSTEMS 
r^.l  INTRODUCTION 

In  previous  sections,  existing  and  possible  mooring  load 
monitoring  systems  were  described.  The  subsystems  and  components 
were  defined,  and  in  general  terms,  specified.  In  this  section 
methods  and  components  are  critically  compared  and,  when  practical, 
listed  in  a preferential  order. 

Any  rating  scheme  Cor  an  arbitrary  MLMS  (i.e.,  one  not  de- 
signed for  a specific  DWP'  must  be  largely  qualitative.  For 
each  subsystem  and  component  certain  ranking  factors,  which  will 
differ  for  different  elements,  wiix  be  of  greatest  importance. 
Consequently,  each  subsystem  or  component  is  ranked  using  only 
those  of  the  following  factors  which  are  significant: 

1.  Accuracy 

Reliability 

3.  Location 

4.  Inspection  Criteria 

5.  Maintenance  Requirements 

o.  Adaptability  - Potential  for  Upgrading 

7.  Size  and  Weight 

8.  Costs  - Capital  and  Operating 

These  factors  were  discussed  in  the  specifications  of  Sect  Loti  4.8. 
They  are  discussed  in  this  section  only  where  necessary. 

-j  . C LOAD  MFASURKMKNT  SUBSYSTEM 

This  subsystem  is  ranked  according  to  the  possible  instal- 
lation locations  in  Table  5-1 • In  most  cases  the  sensor  location 
is  the  determining  factor. 
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The  various  types  of  sensors  are  ranked  in  Table  5-2.  The 
signal  conditioners  are  included  in  the  table  because  they  must 
be  compatible  with  the  sensor  and  are  often  located  within  the 

sensor . 

The  different  types  of  transmission  links  are  rated  in  Table 
5-3.  Since  the  type  of  SPM  determines  transmission  link  suit- 
ability, Table  5-3  ranks  transmission  links  separately  for  CALM 
or  tower  and  SALM  use. 

5.3  DATA  HANDLING  SUBSYSTEM 

The  requirements  of  the  data  handling  subsystem  are  deter- 
mined by  the  load  warning  subsystem  and  load  prediction  system. 
Consequently  only  the  components  are  rated.  Beth  analog  and 
digital  data  handling  equipment  are  rated  in  Table  5-  • 

5 .4  LOAD  WARNING  SUBSYSTEM 

The  warning  device  is  the  primary  component  of  any  warning 
subsystem,  and  the  type(s)  and  locations'  of  these  devices 
define  the  warning  subsystem.  Table  5-5  presents  a comnariscn 
and  ranking  of  warning  devices.  Table  5-6  presents  ram;  ir.gi  s: 
combinations  of  devices,  based  on  the  need  for  such  combination 
as  established  in  Section  4.6.  Other  components  of  the  subsys" 
such  as  data  handling  and  transmission  components . will  be  .ha; 
with  other  subsystems  and  are  evaluated  elsewhere  in  thi:  sect-1  : . 

5.5  DATA  DISFLAY  SUBSYSTEM 

The  data  display  subsystem  must  accurately  display  data, 
warnings  and  perhaps  messages.  Displays  are  required  in  the 
control  room  of  a DWP  and  are  recommended  for  use  on  the  ships 
bridge.  Display  components  are  listed  in  Table  5-7  and  ranked 
for  use  in  the  control  room  and  on  the  ship. 


-5-2- 


5.6  SUMMARY  AND  RECOMMENDATIONS 


All  MLMS  subsystems  and  major  components  are  listed  and 
ranked  In  this  section.  It  is  possible  to  select  only 
subsystems,  components,  and  locations  with  a "Good"  ranking 
for  CALM  and  t*.wer  use.  However,  there  is  no  transmission 
equipment  which  has  a "Good”  ranking  for  SALM  use.  This  clearly 
identifies  an  area  where  more  research  and  development  is  needed. 

The  tables  of  this  section  and  the  specifications  of 
Section  4.8  are  used  to  recommend  specific  subsystem  config- 
urations including  hardware  and  operating  methods.  This  is  the 
information  necessary  to  complete  the  definition  of  the  three 
MLMS  configurations  described  in  Section  4.3  and  depicted  in 
Figures  4-2,  4-3,  and  4-4. 

It  is  not  practical  to  require  that  all  ships  which  moor 
at  a U.  S.  DWP  carry  MLMS  components.  Furthermore,  the  amount 
of  equipment  carried  aboard  must  be  minimum.  Consequently,  the 
load  measurement  subsystem  should  be  located  on  the  SPM  rather 
than  on  the  ship.  The  preferred  location  for  the  sensor  is 
at  the  buoy  end  of  the  hawser.  At  present,  the  strain  gaged 
shear  pin  is  the  preferred  sensor. 

For  CALM  and  Tower  SPMs  the  preferred  measurement  subsystem, 
using  present  technology,  has  the  following  features: 

1.  Is  located  on  the  buoy. 

2.  Uses  a strain  gaged  load  sensor  with 

a built-in  solid-state  signal  conditioner. 

3.  Uses  FM  radio,  with  analog  or  sampled 
data,  for  signal  transmission. 

The  first  two  features  remain  the  same  for  SALMs,  but 
radio  cannot  be  used  except  under  special  circumstances.  An 
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acoustic  device  is  recommended  to  transmit  the  data  from  the 
SPM.  If  a receiver  mounted  near  the  base  of  the  buoy  can  be  pro- 
tected from  damage,  it  can  feed  the  signal  to  a cable  (buried 
with  the  control  cable)  that  goes  to  the  platform.  If  the  area 
directly  beneath  the  buoy  is  too  hostile,  the  receiver  can  bo 
located  beyond  the  range  of  ship  movements,  approximately  a half 
mile.  From  this  point  to  the  control  platform  any  transmission 
technique  (radio,  acoustic,  or  cable ) can  be  used. 

No  specific  data  handling  subsystem  is  recommended . There 
are  many  good  components  to  choose  from  depending  on  other  data 
p roce ss i ng  requ 1 rement s . 

Based  on  the  ratings  in  Tables  5-5  and  5-6  and  on  factors, 
such  as  redundancy,  discussed  in  Section  '1.6,  a recommended 
basic  warning  subsystem  has  been  defined.  This  subsystem,  which 
is  based  on  Figure  '1-5,  is  shown  in  Figure  5- 1 • Basic  logic 
and  data  process  i tig,  is  accomplished  at  the  control  center.  A 
portable  unit  con  la  ir.ing  data  displays  and  warnings  is  carried 
onto  the  ship  by  port  personnel.  Multiplexing  of  the  trans- 
mission to  provide  two  data  channels  plus  voice  Link  Is  required 
between  the  ship  and  the  control  center,  one  for  the  warning 
device  signal  and  one  for  warning  signal  supress ion . In 
general,  it  is  proposed  to  use  the  same  warning  subsystem  for 
all  types  of  SFM's  and  port  facilities. 

gome  features  of  the  warning  subsystem  of  Figure  5-1  worth 
noting  include: 

1.  The  aural  alarm  is  continuous  for  situations 
requiring  decisive  action,  intermittent  for 
other  cases. 

? . The  intermittent  aural  alarm  can  be  turned  off 
only  by  appropriate  action  taken  at  all  warning 
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stations. . Visual  devices  will  continue  to  operate 
t’or  a fixed  period  after  termination  of  the  aural 
device.  If  no  action  is  taken,  both  devices  will 
go  off  after  a fixed  period,  say  iO  minutes. 

The  continuous  aural  warning  cannot  be  readily 
turned  off,  although  a means  for  turning  off  the 
complete  warning  subsystem  in  cases  of  a malfun- 
ction, should  be  provided.  It  would  become 
possible  to  turn  off  the  aural  warning  by  the 


same 

means  describe 

d in  2 

above  w L th 

the 

exist- 

■nee 

for  some  fixed 

per  1 od 

(say  one 

m i nut 

e ) lit' 

c.ero 

cargo  transfer 

rate  o 

v c.ero  haw 

ser  1 

oad  . 

I f an 

appropriate  action  i 

s taken  at 

a 1 ! 

wa rn 1 ng 

stations,  the  warning  would  be  cancelled  at  some 
period,  say  three  to  five  minutes,  after  the  last 
condition  requiring  a warning. 

This  approach,  which  Is  more  complex  than  those  now  in  use,  will 
a lives  t certainly  meet  with  resistance  from  operating  personnel 
who  will  want,  to  have  the  ability  to  turn  off,  at  will,  any 
aural  alarm.  This  pressure  should  be  resisted. 

As  noted  In  Figure  5-1,  portable  radio  transceivers  carried 
oi  the  ship  by  port  personnel,  if  used,  should  have  an  aural 
warning  device. 

The  recommended  system  must  provico  a number  of  elements 
including:  warning  devices  and  transmission  equipment  as  des- 
cribed; hardware  and  software  necessary  to  convert  measured  and 
prciict-'d  p-'ak  loads  and  rate  of  change  of  load  into  steady  or 
Intermediate  input  signals  to  warning  devices;  and  a logic 
circuit  for  terminating  some  or  all  input  signals  based  on 
various  inputs  described.  The  hardware  and  software  would  be 
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located  primarily  at  the  control  center,  although  a simple  logic 
circuit  would  be  required  on  the  ship. 

Using  Table  5-7  and  the  criteria  of  choosing  only  components 
or  methods  with  "Good"  ranking,  the  recommended  data  display 
subsystem  configuration  has  the  following  characteristics: 

1.  A strip  chart  recorder  will  be  used  in  the 
control  room. 

2.  A CRT  terminal  and/or  digital  meters  may  also  be 
used  in  the  control  room. 

3.  A small  lightweight  oscilloscope  and/or  digital 
meters  will  be  used  aboard  ship. 

Mooring  load  measurements,  with  appropriate  warning  criteria, 
provide  a powerful  decision-making  tool  for  DWP  operators.  This 
is  especially  true  if  other  factors  such  as  environmental  (fata, 
weater  forecasts  and  condition  of  ship's  fittings  have  been 
taken  into  account  (Figure  4-1). 
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1.  Strip  Chart  Recorders  Hood  Have  been  used  with  most  existing 
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And  On  Chip)  bridge. 

2.  Oscilloscope  (CRT! 
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(In  Control  Room 
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proper  choice  of  readout  devices, 
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* 
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3. 

Meter-Analog 

Acceptable 
(In  Control  Room 

And  On  Ship) 

Accurate,  Inexpensive  but  cannot  be 
read  as  well  or  accurately  as 
digital  meters. 

6. 

Lighted  Bar  Charts 

Acceptable 
( Tn  Control  Room 

And  On  Ship' 

Same  as  •j. 

1 

7. 

Digital  Pr'nters 

Acceptable 
(In  Control  Room) 
Unacceptable 
(On  Ship) 

Is  net  as  cost  effective  or 
useful  as  CRT  Terminals 
and  cannot  be  seen  well  from 
large  distances. 

Piood  Can  display  analog  data  and  alpha- 

( On  Ship)  numeric  messages,  but  may  require 

Acceptable  additional  circuitry.  If  used  In 

(In  Control  Room)  control  room,  a magnetic  tape  recorder 
would  be  required  to  store  data. 
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SECT  TON  6 


MOCK  I NO  ’PAD  PKHDD’flPN  PYPTKMS 
6 . 1 ] NTKCTUVT  ION 

A deepwater  port  mooring  load  prediction  system  (MLPS)  will 
generally  be  used  to  predict  expected  hawser  loads  at  some  future 
time,  as  discussed  in  this  section.  In  addition,  the  ML PS  may 
be  used  to  predict  allowable  hawser  loads  based  on  hawser  con- 
dition. age,  loading  history  or  on  current  details  of  loading, 
rhis  second  function  is  discussed  in  more  detail  in  Section  8. 

An  valuation  of  various  MLPSs  is  given  in  Section  7- 

Methods  for  predicting  mooring  loads  at  a future  time  will 
probably  be  based  on  a prodiction  of  the  expected  environment 
■it  that  time,  as  well  as  a means  for  predicting  the  mooring  load 
as  a function  of  the  environment  and  ship  characteristics.  At 
present,  accurate  long-term  predictions  require:  accurate  pre- 
iictions  or  forecasts  of  wind,  wave  and  current  conditions;  and 
model  test  data  for  thi  ship,  PPM,  and  environmental  conditions 
of  interest. 

In  this  section  both  the  prediction  of  hawser  loads  for 
drown  or  estimated  environment  and  the  prediction  of  environment 
are  considered.  Detailed  descriptions  of  various  predlctional 
methods  are  given  in  Appendices  D,  E and  F. 

A If.  S.  DWP  will  probably  subscribe  to  a weather  service. 
This  service  would  provide  weather  predictions  and  predicted  wind 
speeds  and  directions  for  periods  of  a few  hours  to  perhaps  98 
hours.  It  is  also  assumed  (LOOP,  1976)  and  ( Sea dock , 19761  that 
the  PWP  could  measure,  process  and  store  wind  and  current  speed 
and  direction  and  wave  height  and  period  data.  Processing  would 
probably  consist  of  determination  of  mean  wind  and  current  speed 
and  direction  and  significant  wave  height  and  period.  Averaged 
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data  for  fixed  time  intervals  (say  15  or  }0  minutes)  could  be 
stored  for  the  duration  of  the  ship  mooring. 

The  weather  service  might  also  provide  predicted  wave  and 
current  conditions.  It  is  likely,  however,  that  the  DWP  might 
have  to  predict  future  wave  heights  and  periods  based  on  existing 
wind  and  wave  conditions  and  predicted  wind  conditions.  These 
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A number  of  pred  ictior.a ! methods  are  available.  These 


range  from  the 


* i 


•i  h 


man  ext  rare laticn  based 


and  recent  part  h i 'lory  of  loads  and  environment , to  complex 
theoretical  methods  or  highly  developed  empirical  methods  suit- 
able for  predicting  hawser  leads  for  an  arbitrary  cargo  transfer 
operation.  The  first  type  is  the  only  one  currently  in  use  today, 
and  can  be  used  effectively  at.  ports  with  load  monitoring  sys- 
tems. Empirical  methods  developed  by  SPM  designers  may  be  in  use 
at  a few  ports  to  estimate  hawser  leads,  but  such  methods  are 
proprietary  .and  are  likely  to  bo  generally  unavailable. 

Table  0-1  presents  a o ha vac teri ration  of  five  prediction 


techniques,  listed  in  order  of  increasing  period  of  applica- 
bility and  complexity.  These  methods  and  their  suitability  for 
deepwater  port  use  are  discussed  in  Sections  6.3  to  6.6.  The 
various  methos  are  rated  in  Section  7. 

6 . 3 SHORT-TERM  EXTRAPOLATION  METHODS 

These  methods  (Methods  1 and  2 of  Table  6-1)  provide  a 
means  for  predicting,  based  on  current  conditions,  the  maximum 
hawser  load  expected  over  a short  following  period,  say  30  min- 
utes. Because  wind  speed  and  wave  heights  can  change  rapidly 
in  areas  such  as  the  Gulf  of  Mexico,  it  is  desirable  to  include 
at  least  the  effect  of  any  predicted  change  in  wind  speed  (see 
Appendix  F'. 

I 

t 

6 .3.1  Human  Extrapolation 

This  method,  which  is  used  at  existing  deepwater  ports, 
is  based  on  human  judgement  and  synthesis  of  the  following 
info rmat ion : 

1.  Current  cr  most  recent  peak  hawser  load. 

2.  Rate  of  change  of  peak  hawser  loads. 

3.  Rate  of  change  of  wind  velocity. 

U.  Yawing  motion  of  the  ship. 

5.  Leading  condition  (draft  and  trim''  of  the  ship. 

A load  monitoring  system  and  an  anemometer  are  required  for 
Items  1 and  3*  Item  2,  requires  a strip-chart  recorder  or  other 
time  history  display  of  loads.  Yawing  motions  are  generally 
estimated  by  personnel  on  the  ship.  This  method  will  probably 
be  satisfactory  only  if  a time  history  display  of  loads  and  wind 
are  available  at  all  times  and  if  skilled  and  experienced  per- 
sonnel are  making  the  extrapolation. 

In  Appendix  D four  possible  schemes  for  making  short-term 
predictions  of  peak  hawser  loads  are  described.  These  are  based 
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on  stored  and/or  up-dated  empirical  relationships  between  the 
maximum  or  peak  hawser  load  and  the  environmental  conditions. 
These  methods  can  be  summarized  as  follows: 

1.  Prediction  of  peak  load  from  predicted  environment 
(wind  speed,  wave  height  and  current  speed)  using  a 
fixed  empirical  relationship. 

2.  Prediction  of  peak  load  from  prediction  of  environment 
using  empirical  equations  which  are  applicable  only 

to  the  tanker  size  of  Interest. 

3.  Prediction  of  peak  load  as  in  approach  2,  except  that 
the  empirical  equation  would  be  modified  or'  updated 
using  data  obtained  during  the  earlier  part  of  the 
mooring  sequence  . 

^i.  Prediction  of  mean  load  as  in  approach  3,  and  use  of 
an  empirical,  relationship  between  moan  and  peak  load 
applicable  to  the  tanker  size  of  Interest. 

For  each  of  these  schemes  various  methods,  as  described  in 
Appendix  F,  can  bo  used  to  estimate  the  environment. 

6.3«2  Automated  Kxtrapolnt ion 

In  this  approach  (Method  2 of  Table  6-1),  the  extrapol at  ion 
is  done  automatically  using  a computer  and  using  a prescribed 
technique  such  as  described  in  Section  6.3.I  and  using  most  or 
all  of  the  following  data: 

1.  Current  wind  speed,  wave  height  and  hawser  load. 

2.  Variation  of  wind  speed,  wave  height  and  hawser  load 
over  a preceding  period  of,  say  one  hour. 

3.  Predicted  change  in  wind  speed  over  a following  period 
of,  say  one -ha If  hour. 

H . Empirical  trends  In  hawser  load  with  wave  height  and 
wind  speed. 

Various  extrapolation  technique!-,  based  on  these  data  can  be  de- 

-6.4- 


veloped.  A number  of  techniques  have  been  considered  and,  based 
on  an  analysis  of  the  NSMB  LOOP/Seadock  data  (Remory  and  Wickers, 
1975),  several  techniques  are  outlined  below  and  described  in 
more  detail  in  Appendix  D.  Methods  for  predicting  changes  in 
environment  are  described  in  Section  6.7  and  Appendix  F. 

6 . h MFPTUM-TKRM  EXTRA  PO LAT  1 ON  METHODS 

These  methods  (Method  3 of  Table  6-1.)  would  probably  be  an 
extension  of  a short-term  method,  such  as  described  in  Section 
o . 1 and  Appendix  D,  or  an  empi  rical  method  such  as  the  Exxon 

energy  method  (Maddox,  1972). 

When  extrapolation  methods  are  used,  the  primary  difference 
from  short-term  methods  would  be  in  the  use  of  better  and  longer 
term  predictions  of  wave  height  and  period  and  current  speed  and 
direction  from  predicted  winds. 

Peak  hawser  load  would  be  predicted  for  regular  time  inter- 
vals. say  one-half  hour,  using  appropriate  predicted  wind  and 
waves.  The  magnitude  of  and  estimated  time  of  occurrence  of  the 
largest  peak  hawser  load  would  be  determined.  The  primary  problem 
would  be  the  accurate  prediction  of  environmental  cord  it  ions  for 
longer  periods  and  prediction  of  loads  for  rather  arbitrary  com- 
binations of  wind  speed  and  wave  height. 

Ati  energy  method  (Maddox,  1972)  and  (Flory,  et  al.,  1977) 
which  has  been  used  to  predict  SPM  hawser  loads  has  been  developed 
by  Exxon.  This  method  is  Illustrated  by  equating  the  significant 
energy  of  two  different  SPM's,  given  Identical  ships  and  environ- 
ments . Tiie  significant  energy  is  defined  as  the  potential  energy 
stored  in  the  buoy,  buoy  mooring  and  hawser  at  a load  equal  to  the 
significant  load.  The  significant  load  Is  the  average  of  the  one- 
third  highest  loads.  The  method  provides  a method  for  predicting 
the  significant  load  occurring  in  a given  environment  and  ship 
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for  an  arbitrary  SPM.  Attempts  during  this  study  to  establish 
similar  relations  between  hawser  load  and  the  stored  energy  !‘ot 
arbitrary  environments  and  ships,  using  NfMh  ixdOP  geadock  mede  ! 
test  data  (Remory  and  Wlchers,  Ih/q),  were  Incone  lu:  1 ve . 

6.5  LONG-TERM  EMPIRICA1  PREDICTION  rHODS 

This  method  (Method  -’l  of  Table  6-11  could  be  used  for  a 
given  buoy  and  hawser  t o make  long-term,  or  short-term,  pre- 
dictions of  maximum  and  or  mean  hawser  load  based  on  ship  chirr 
terlstlcs  and  predicted  environmental  conditions..  It  would  make 
use  of  and  require  a large  data  bn.  >•  and  a computer  -a  mi  c r 
processor  to  store,  update  and  access  thl.  da  t a ha  r . I'h  1 da  t a 
base  could  be  acquired  from  several  years  op. • rat  Ion  of  i t . 


deepwater  port  or  from  extensive  and  e.-t  ly  sy ; temat  ic  mod-! 
tes  1. 1 ng  . 

The  required  data  base  mu.-,  t be  see.  re, --.a  t ed.  accord  :.  nr  t o m 
port  ant  ship  and  envl  r.  nment  i 1 factors.  The  factor  eg  p>  ma  ry 
Importance  in  describing  the  hyd rodynam ! .n  and  ae  ro  iyn.-cni  . . ■ 

typlca'  tankers  are  displacement  , draft  and  freeboard  or  dl. 
placement,  design  draft,  and  state  of  loading.  p.hlp  factor 
which  are  general 'y  of  lesser  importance  are  bow  shape  (T  . 
bulbous  or  eyllndrlca  1 1 , number  and  location  of  deck  house  an.  : 
number  of  : crew  . Knvironmetit.nl  factor:  which  arc  of  prl:;  try 
Importance  include  wave  height,  period  and  direct  , on,  wind  . p 
and  >il  rod  Ion,  and  current  speed  and  direction. 

For  a given  buoy  and  hawser,  hawse"  load  must  he  t.ored  foi 
a number  of  values  of  each  Important  ship  and  environment  il  pari 
meter.  The  minimum  number  of  values,  is  that  required  f.  r id.  r- 
polation;  ideally  enottgli  values  should  he  used  to  eliminate  the 
need  for  Interpolat.  I on . Table.-  o- 1 and  >.  < show  represent  at  Ive 
numbers  of  value  for  each  parameter  and  total  data  file  i.-qu  re- 


montr  t’or  a comprehensive  non-interpolution  scheme  and  for  a 
basic  scheme  using  interpolation . It  is  possible  to  use  these 
schemes  for  portions  of  the  total  matrix  (say  for  limited  ranges 
of  ship  displacement,  etc.).  Data  for  only  10  percent  of  these 
cases  might  be  adequate  for  more  than  50  percent  of  all  moorings. 

The  use  of  the  comprehensive  scheme  described  in  Table  6-2 
considered  impractical  due  to  the  large  period  of  time  required 
to  acquire  the  necessary  data  even  for  a small  range  of  ship  cases. 
If  only  10  percent  of  the  total  cases  in  the  matrix  were  of  in- 
terest and  if  a lead  were  determined  every  half  hour,  more  than 
■0,000  hours  of  DWP  operation  (4.6  years  operation  of  four  buoys 
at  70  p-'rcent  utilisation)  to  acquire  the  required  220,000  data 
points,  and  the  file  would  still  be  far  from  complete  due  to 
multiple  repetition  of  many  points.  It  should.be  feasible,  how- 
ve r.  to  acquire  the  most  useful  portions  of  the  3>800  data 
points  required  in  the  inte rpolation  scheme  of  Table  6-2  in  less 
than  a year.  The  system  would  probably  prove  useful  after 
. cveral  months  of  full  DWP  operations.  Provisions  could  be  made 
for  upgrading  the  rather  minimal  scheme  of  Table  6-2  by  provid- 
ing a larger  initial  storage  capacity. 

The  primary  advantage  of  this  method  is  the  possibility  of 
predicting,  with  potentially  good  accurace,  the  hawser  loading 
history  for  as  long  a period  as  good  environmental  predictions 
are  available.  This  method  should  be  more  accurate  than  other 
available  long-term  predictional  methods.  The  primary  disadvan- 
tages are  the  time  and  computer  storage  required  to  generate  and 
store  the  data  file  and  the  need  for  operating  personnel  to  deter- 
mine and  key  Into  the  system  ship  characteristics  and  updated 
weather  forecasts.  Ship  characteristics  could  be  obtained  either 
from  the  ship's  master  or  from  documents  such  as  the  ABS  P^cord 
(ABS,  1978).  Ships  having  the  same  gross  characteristics  may 
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have  quite  different  loads,  so  care  must  be  exercised. 

This  method  can  be  used  to  make  short-term  predictions,  but 
may  be  less  accurate  for  this  purpose  than  the  short-term  extra- 
polations which  use  current  measured  loads  as  a base. 

6 .6  LONG-TERM  THEORETICAL-  KM  PI  RICA  L METHODS 

Theoretical  or  theoretical-empirical  methods,  as  described 
recently  (Owen  and  Linfoot,  1976)  and  in  Appendix  E of  this 
report,  provide  the  only  probable  alternative  to  model  tests  for 
prediction  of  ship-buoy  behavior  and  hawser  loads  for  an  arbi- 
trary ship-hawser-buoy  configuration  in  an  arbitrary  environment. 
These  methods  have  several  drawbacks,  including  limited  avail- 
ability of  required  ship  shallow  water  hydrodynamic  force  data, 
the  need  for  relatively  large  computer  capability  and,  most 
significantly,  potentially  poor  accuracy. 

The  inability  of  available  theoretical  methods  to  accurately 
predict  hawser  loads  was  a primary  reason  for  the  emphasis  in 
the  Exxon  Phase  I Report  (Flory,  et  al.,  1977)  on  model  tests. 
Discussions  with  Exxon  and  review  of  existing  wor  ; led  to  a con- 
clusion that  some  potentially  important  factors  might  have  been 
neglected  in  previous  work  and  that  the  suitability  of  theo- 
retical-empirical- methods  incorporating  these  factors  should  be 
re-examined . 

A computer  simulation  of  the  behavior,  in  the  time-domain, 
of  a ship-SPM  system  was  developed  from  previous  work  at  HYDRO- 
NAUTICS  (Barr,  et  al.,  1976)  and  (Altmann,  1971).  In  this 
simulation  the  SPM  is  assumed  to  consist  of  a CALM  or  SALM  buoy, 
a non-rigid  buoy  mooring,  and  a hawser  connecting  the  ship  and 
buoy.  This  simulation,  which  is  described  in  detail  in  Appendix 
E,  is  based  on  the  following  assumptions: 


1.  The  ship  is  represented  by  non-linear  coupled  surge, 
sway  and  yaw  equations  of  motion  and  by  hydrodynamic 
coefficients  determined  from  planar  motion  mechanism 
(PMM)  tests  in  shallow  water. 

2.  Wind  and  wave  forces  acting  on  the  ship  are  based  on 
available  data  for  tankers  and  full  form  ships. 

3.  The  buoy  is  represented  by  coupled  surge  and  sway 
equations  of  motion.  Hydrodynamic  coefficients  and 
wind  and  wave  forces  acting  on  the  buoy  are  based  on 
available  data  for  circular  buoy  forms. 

'l . The  hawser  and  buoy  mooring  are  represented  by  non- 
linear, force-deflection  curves. 

5 . The  coupled  f ive-degrees-of-f reedom  equations  of 
motion  for  the  ship-SPM  are  solved  by  a time-step 
numerical  integration. 

The  suitability  and  potential  accuracy  of  this  method  depends  on 
the  availability  of  suitable  hull  hydrodynamic  coefficients,  wind 
and  wave  force  data  for  the  ship  and  buoy  and  mooring  and  hawser 
force-displacement  curves.  The  latter  can  usually  be  accurately 
determined . 

An  initial  validation  of  the  method  was  made  by  simulating 
the  motions  of  a chip-CALM  system  which  had  been  tested  (Owen 
and  Llnfoot,  1076)  and  comparing  the  results  with  the  model  test 
data.  It  was  necessary  to  assume  details  of  ship  geometry  and 
mooring  and  hawser  characteristics.  The  latter  wore  based  on 
representative  data  (Reme ry  and  Wichers,  197‘3).  Simulations 
were  made  for  a significant  wave  height  of  13.1  feet  while  model 
tests  were  for  13*1  foot  high  regular  waves.  The  simulated 
motions  are  shown  in  Figure  6-1.  Motions  appeared  to  be  domin- 
ated by  mean,  rather  than  instantaneous  or  peak  wave  drift  forces. 
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: 


He  suite  the  assumptions , there  is  qualitative  agreement  of  results 
shown  in  Table  h . 

Simulations  were  made,  for  the  purpose  of  validation,  for 
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in  Appendix  K,  to  try  to  understand  the  reason  for  the  under- 
pred.isli.on  of  hawser  loads  . While  these  provided  sore  insight  s 
they  did  not  provide  any  means  for  significantly  Imp rov i ng  pre- 
dicted results . It  is  therefore  concluded , as  has  been  ■on- 
eluded  by  Exxon,  that  current  theor- • t. ical-emp i r i ca  1 m-'thods  of 
this  type  are  not  adequate  for  predicting,  hawser  loads  . 

6 .7  knvironmknta:  vKAfi>:L''!v':Tf 
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merit.  techniques  require  discussion,  however. 

It  is  assumed  that  a U.  S.  deepwater  port  will  have  a large 
offshore  pumping  plat  form  complex  (PlYl  In  the  immediate  vicinity 
of  the  STM  ami  that  all  environmental  measurements  will  be  made 
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at  the  PIV.  At  any  DWP  location  where  waves  or  current  can  come 
from  a wide  range  of  directions,  the  location  of  the  wave  and 


current  sensors  or  probes  must  be  carefully  selected  to  ensure 
that  the  measurement  of  waves  and  current  are  not  effected  by  the 
platform  structure.  In  some  cases  this  may  require  mounting 
these  sensors  from  a boom  or  from  a tethered  buoy.  rt  is  required 
that  a clear  location  for  an  anemometer  at  an  appropriate  height 
(say  '0  to  60  feet)  above  the  water  be  provided. 

If  a PP  ' Is  not  used  at  the  PUT  >r  Is  at  a water  depth  which 
Is  Tgnifi  • ant  ly  different  than  the  water  depth  at  the  moorings, 
it  will  b'  neeessary  to  locate  wind,  wave  and  current  sensors  on 
a separate  data  buoy  near  the  moorings.  An  additional  radio 
transmission  ’ink  with  at  least  five  data  channels  will  be  required 
in  tills  case. 

Multiple  wave  probes  have  previously  been  required  t o measure 
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Alternately,  a manual  Input  of  wave  direction  as  observed  on  the 
platform  or  the  ship  could  be  used.  The  platform  is  a better 
choice  sinse  its  orientation  Is  fixed. 

equipment  for  measuring  wind  velocity  and  direction  are 
readily  available.  Methods  for  measuring  current  velocity  and 
direction  are  riot  as  well  developed  and  care  must  be  taken  to 
ensure  that  the  measured  values  are  not  Influenced  by  the  PPO. 
Mav,  r,  Poranski  and  Walden  (Mavor,  et  al. , 1976 1 described  a 
method  for  measuring  current  using  a bottom  fixed  spar  buoy  and 
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radio  telemetry  that  can  eliminate  any  influence  of  the  PPC 
6.8  PREDICT  ION  OF  WAVE  HEIGHTS 


; 


Any  MLPS  will  require  some  means  for  predicting  future  wind, 
waves  and  current.  It  is  assumed  that  predictions  of  wind  speed 
and  direction,  as  a minimum,  will  be  obtained  from  a weather  fore- 
casting source.  If  predictions  of  wave  height  and  period  and 
current  speed  and  direction  are  not  obtained  from  such  a service, 
it  will  be  necessary  for  the  PWP  to  make  these  predictions.  For 
short-and  medium-term  prediction  schemes.  It  may  be  sufficient  to 
predict  only  wave  height  and  period,  as  currents  generally  charge 
slowly . 
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TABLE  6-2 

DEFINITION  OF  DATA  BASE  MATRIX  FOR  COMPREHENSIVE 
PREDICTION  SCHEME  REQU1RTNG  LITTLE  OR  NO  INTERPOLATION 


Pre  diet  1 on  Pa  rame  to  r 
Ship  Displacement 
Ship  Design  Draft 
Ship  Leading 
Bow  Shape 

Deck  House  Conf iguration 
Number  of  Screws 
Wind  Speed 

Wind  Direction  (Reference 
Direction ) 

Wa ve  Height 

Wave  Period 

Wave  Direction 

Current  Speed 

Current  Direction 


Total  Data  File  Words 


Numbe r o f Va 1 ue s Re qu i re  i 


’,332,800 
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TABLE  6-3 

DEFINITION  OF  I'VFIOAL  DATA  BASE  MATRIX  FOR  MINIMAL 
FRED  LOTION  SCHEME:  USING  INTERPOLATION 


Predict  Ion  Parameter 
Ship  Displacement 
Ship  Design  Draft 
Ship  Loading 
Wind  Speed 

W tnd  D 1 re  c t i on  ^ Re  f e re  nee 
Direction) 

Wave  Height 

Wave  Period 

Wave  Di rec t ion  ^ Re fe rence 
Pi  root  Ion  I 

Current  Speed 

Current  Direction 


Number  of  Values  Required 
4 
3 
3 


i 

3 


To t a 1 Pa t a File  W o rd a 


5.832 
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TABLE  6-4 


' COMPARISON  OF  COMPUTER  SIMULATION  AND  MODEL  TESTS 
(Owen  and  Linfoot,  1975) 


Simulation 


Period  of  Oscillation  Secs.  800 
Yaw  Amplitude  Radians  .4 
Sway  Amplitude  Ft.  80 
Surge  Amplitude  Ft.  168 
Mean  XCG  Ft.  -531 
Phase  lag  cr  Sway  behind  Surge  Sec.  300 


Experiments 

1100 

.4 

120 

104 

-577 

400 
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SECTION  7 


HANKING  OK  MOOR!  NO  I, PAD  PREDICTION  SYSTEMS 

In  order  to  determine  what,  if  any,  mooring  load  prediction 
system  (MLPS)  is  required  or  recommended  for  use  at  a U.  S.  DWP, 
it  is  necessary  to  critical./  evaluate  and  rank  the  various  types 
of  MLPS  considered  in  Section  6.  The  advantages  and  disadvantages 
of  the  five  basic  types  described  in  Table  6-1  are  discussed  below 

7 . I SHORT-TERM  HUMAN  KXTKA P01 ATOM 

This  method  depends  entirely  on  the  experience  and  judgement 
of  the  port  personnel  or  ship's  master.  It  is  used  at  existing 
DWP  to  make  important  operational  decisions  and  is  usually,  but 
not  always,  an  adequate  predict  tonal  tool. 

7.°  OIIPRT-A N P MKPIHM-'iTKM  EMPIRICAL  METHODS 

These  methods  are  generally  identical  except  for  the  re- 
quired period  of  prediction  of  wind,  waves  and  current.  The 
environmental  factors  can  generally  be  predicted  much  more 
accurately  for  one  hour  than  for  six  hours.  The  predict  tonal 
scheme  can  be  quite  accurate,  particularly  for  short,  periods, 
when  empirical  relations  are  updated  or  corrected  using  measured 
results  for  the  current  mooring.  The  primary  source  of  in- 
accuracies in  such  cases  w i L 1.  probably  be  in  prediction  f w,  re 
height.  For  the  load  prediction  methods  considered  in  Appendix 
D,  computer  hardware  and  software  requirements  are  modest. 

7.7  LONG-TERM  EMPIHTOAL  METHOD 

These  methods  are  similar  to  the  shorter-term  empirical 
methods,  but  generally  a much  larger  data  base  will  be  required 
and  a lower  accuracy  will  be  obtained  since  updating  of  current 
mooring  results  is  not  effective.  Long-term  wave  and  current 
predictions  will  also  be  less  accurate  than  short-term  prediction. 
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The  large  data  base  will  require  significant  computer  storage 
capacity. 

7.4  LONG-TERM  THEORETICAL  METHOD 

Further  development  is  required  to  achieve  acceptable 
accuracy.  The  behavior  of  a SPM  may,  in  fact,  be  too  complex 
to  be  accurately  predicted  by  existing  time-domain  methods. 
Relatively  large  computer  memory  and  computational  speed  are 
required.  The  time-domain  calculations  must  be  carried  out  at 
10  to  20  times  real  time  to  maintain  up-to-date,  long-term 
predictions . 

7.5  CRITICAL  RANKING  OF  VARIOUS  METHODS 

The  methods  summarized  in  Sections  7.1  to  7.4  are  ranked 
according  to  general  usefulness,  expected  accuracy  and  computer 
hardware  and  software  requirements  in  Table  7-1. 

General  usefulness  is  an  assessment  of  how  valuable  the 
type  of  results  provided  are  for  DVJP  decision  making.  A method 
which  can  be  employed  to  make  accurate  short-,  medium-  and  long- 
term load  predictions  is  clearly  the  most  useful.  Accurate 
predictions  for  short-  and  medium-term  periods  (up  to  six  hours) 
will  generally  be  more  useful  than  will  accurate  prediction  for 
long-term  periods. 

The  computer  requirements  reflect  the  sophistication  and 
extent  of  hardware  and  software  required  to  process  and  store 
mooring  load  data,  environmental  data  and  predictional  methods. 
In  general,  the  biggest  differences  are  in  storage  requirements. 

The  assessment  of  expected  accuracy  is  based  on  the  results 
described  in  Appendices  0,  E and  F.  The  ''good"  rating  for  the 
short-term  methods  reflect  the  promising  results  described  in 
Appendix  D.  The  "unacceptable"  rating  of  the  long-term  theo- 
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retleal  method  Is  based  on  the  poor  results  described  in  Appendix 
K;  it.  seems  possible  that  acceptable  accuracy  might  be  obtained 
with  further  development  of  such  methods. 

7.0  PKiTMMKN PAT  LONS 

It  is  concluded  that  any  PWP  should  be  required  to  provide 


bas  i c 

data  ne 

eded 

by  PWP  personnel 

for  making 

short- 1 erin 

empirical  moc 

>rlng 

Load  predictions, 

. These  data,  which  w, 

eons  i s 

■ t at  a 

minimum  of  short-term 

hawser  Load 

history,  i 

current  and  wind  velocity,  and  wave  height  and  period  should  be 
available  to  operating  personnel  at  all  times.  It  is  strongly 
recommended  that  an  automated  Ml, PS,  based  on  short-term  empirical 
prediction  methods,  as  described  in  Appendix  P,  be  used  in  con- 
Junetion  with  a Ml, MS.  This  will  provide  a more  rational  basis 
for  dee ! s loti  making  and  should  result  in  greater  PUT  utilisation, 
if  sueh  an  automated  system  Is  used,  the  system  should  provide 
th.  -npablllty  of  displaying  all  basic  input  data. 

It  is.  further  concluded  that  a PWP  should  be  required  to 
measure  and  process  wave  height  and  period,  wind  speed  and 
di  t-eet  ion,  and  current  speed  and  direction,  as  described  in 
Section  6.8.  These  data  should  be  displayed  or  be  available 
for  display  at  the  control  center  at  all  times.  They  will  also 
be  processed  for  use  In  any  MLPS . With  the  advent,  of  methods 
for  measuring  wave  height  and  direction  using  a single  buoy 
(Drainard,  1978)  It  may  be  desirable  to  require  measurement  of 
wave  direction  as  well  as  wave  height  and  period. 
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TAHLF  7-1 

RANKINS  OF  MOORING  LOAD  PREDICTION  SYSTEMS 


Predict  ton 
System 


Genera  1 
Ur  c fulness 


F xp»  c t »»  1 
Ac cur a *y 


Computer 
Requ l rement  s 


Comment 


1 Short  Term 

H unnn  K x * ra  po  la  t o r 


Accept ab  le 


Va  r 1 at*  le 


None 


Accuracy  depends  on 
ability  of  personnel 
and  available  data. 


2 Short-Term 

F.T.p It  leal 


1 Medium -Term 
F.mp  l r 1 ca  1 


h Long-Term 
Emp l r 1 ca 1 


Long-Term 
The o ret  lea  1 


Acceptable  Good  Good 

to  Good 


Recommended  but  not 
required  for  Initial 
U.S.  IV;  • a . 


Good  Acceptable  Good 

to  Good 


Identical  to  S for 
short- 1 «-rm.  Extra 
Jurat  i on  of  pt<  1 1 ct  i ,«n 
could  be  useful. 


Good 


Acceptable  Acceptable 
(see  com- 
ment ' 


Will  take  ft  long  t \ •••-• 
to  a 'quire  needed  i * a 
(Vmput  er  st  ornge  cou  1 1 
be  excei1;-. ! vr*  for  i.»  - .* 
PWP'  9 . 


Acceptable  Unaccept-  Acceptable 
able*  (at 
present  I 


Not  fra 1 b le  n t pro  mt  . 
Could  be  a u »*  fu  1 t > l 
If  developed. 
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SECT t ON  8 
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DETERMINATION  OF-1  A f.TOWA IU-K  MOOR  INC  IMPS  AND 
WARN  I NO  IKVKuS 

The  determination  of  allowable  mooring  loads  Is  discussed 
in  some  detail  in  the  Exxon  Phase  I report  (Fiery,  et.  al. , 1977). 
In  this  section  the  Impact  of  available  information.  Including 
that  presented  in  the  Exxon  Phase  1 report,  on  the  design  and 
operation  of  mooring  load  monitoring  and  prediction  systems  is 
con side  red  • 

Hawser  elastic  properties  and  breaking  strength  are  a func- 
tion of  rope  condition,  age,  loading  history  and  loading  rate. 
Allowable  hawser  load  and  mooring  load  warning  levels  should 
take  these  factors  into  account. 


Sufficient  data  are  not  presently  available  to  determine  the 
magnitude  of  losses  in  rope  strength  with  rope  age,  loading  his- 
tory or  rate  of  loading.  Sufficient  data  are  available,  however, 
to  indicate  the  existence  of  losses  in  strength  and  the  need  to 


reflect  these  lot 


in  determining  allowable  loads 


MS  orMLPn  should  be  able  to  automatically  chan 
levels  to  reflect  changes  in  allowable  hawser1  load, 
presently  feasible  but  should  be  a goal  for  future 


Ideal ly, 

> ' war  ru  npf 

This  is  not 


ye t ems 


Allowable  mooring  loads  and  required  warning  levels  may  be 
determined  by  ship  mooring  fittings,  as  discussed  in  the  Exxon 
Phase  1 report.  The  difficulty  in  determining  allowable  mooring 
fitting  strength  is  discussed  in  Section  8. 4. 

Since  it  is  not  currently  possible  to  provide  specific 
methods  for  predicting  changes  in  allowable  mooring  loads,  no 
evaluation  of  the  type  given  In  Sections  5 and  7 is  possible. 
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8 . 1 RKiwriQN  ok  pTiwinrni  nun  to  pamad.k 

Physical  damage  to  the  hawser  Is  a primary  cause  of 
reduction  In  hawser  strength.  Physical  damage  can  generally  be 
determined  by  careful  Inspection  of  the  entire  hawser.  Such  an 
Inspection  would  probably  be  carried  out  by  bringing  the  hawser 
aboard  a work  boat  or  launch.  Such  Inspections  should  be  required 
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particularly  with  a damaged  hawser.  With  sufficient,  data,  it 
may  be  possible  to  make  qualitative  predictions  of  reduction  in 
break ing  strength . 

The  primary  drawbacks  of  this  method  are  the  difficulty  In 
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applying  large  loads  to  the  hawser  and  the  required  time  and 
cost  to  transport  the  hawser  to  and  from  the  test  site,  which  will 
probably  be  ashore.  An  in-situ  test  method,  if  available,  would 
be  preferable  and  would  be  more  likely  to  be  used  in  cases  of 
marginal  hawser  damage. 

8.2  REDUCTION  OF  STRENGTH  Din:  TO  CYCLIC  LOADING 

Repeated  cyclic  loading  of  the  hawser  will  result  in  a 
decrease  in  hawser  strength  with  age,  as  discussed  in  the  Exxon 
Phase  I report.  This  decreased  strength  can  affect  allowable 
hawser  load  in  several  ways: 

1.  Repeated  cyclic  loadings  at  a level  well  below  static 
strength  can  result  in  failure  during  cyclic  loading 
at  this  load  lew  1 . 

2.  After  repeated  cyclic  loadings  which  do  net  produce 
failure,  static  breaking  strength  will  be  reduced. 

3.  A rope,  after  repeated  cyclic  loadings,  will  have  lower 

breaking  energy  than  a new  rope  and  the  breaking  strength 

for  dynamic  or  shock  loadings  must  be  selected  according- 

1 v. 

%/ 

The  first  two  areas  are  discussed  below,  the  third  is  dis- 
cussed in  Section  8.3. 

The  behavior  of  synthetic  ropes  under  cyclic  loading  is  not 
yet  well  understood.  The  behavior  is  more  complex  than  that  for 
steel  wire  rope,  where  failure  occurs  when  the  sum  of  all  cyclic 
loads  exceeds  a given  value.  Some  guidance  can  be  obtained,  how- 
ever, from  available  cyclic  loading  test  data. 

Figure  8-1  shows  a collection  of  cyclic  loading  results  for 
nylon,  polyester  and  polypropylene  ropes  from  various  sources 
(Flory,  et  al.,  1977).  Data  are  shown  for  cases  where  failure 
occurred  (solid  symbols)  and  where  no  failure  occurred  (open 


-8.3- 


symbols  l . These  data  are  for  tests  of  different  rope  materials, 
sizes  and  types,  tests  In  air  and  water,  and  tests  at  different 
frequencies.  Despite  these  differences  it  seems  possible  to 
draw  several  useful  conclusions  from  available  data,  Including: 

1.  For  cyclic  loading  breaking  strengh  decreases,  at 
least  for  nylon  and  particularly  for  polypropylene, 
with  increasing  number  of  loading  cycles. 

2.  Polyester  appears  to  suffer  a much  smaller  decrease 
in  strength  for  cyclic  loading  than  do  nylon  and 
polypropylene.  Nylon  generally  appears  to  be  superior 
to  polypropylene . 

3.  There  is  no  clear  evidence  that  an  asymptote  exists 
for  breaking  strength,  as  postulated  in  the  Exxon 
Phase  1 report,  although  no  failures  have  been  recorded 
for  cyclic  loads  less  than  ^5  percent  of  stnt ie 

b reak i ng  s t.  reng th  . 


It  should  be  noted  that  all  cyclic  loading  tests  have  been 
out  with  relatively  small  ropes  and  at  frequencies  (er.o  to 
two  cycles  per  minute  or  cpm)  which  are  lower  than  typical 
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sts  of  large  ropes  at  higher  frequencies,  are  needed 
realistic  factors  of  safety  and  acceptable  leads 
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rs . It  is  understood  that  cyclic  tests  of  large  new 
hawsers  are  currently  being  carried  out  by  Consolidated 
Company.  The  results  of  these  tests  are  likely,  how- 


ever, to  be  proprietary. 


Data,  such  as  those  presented  in  the  Exxon  Phase  1 report, 
indicate  that  reductions  of  static  breaking  strength  after 
significant  cyclic  loading,  are  probably  no  more  than  ton  percent 
for  polyester,  6.6  nylon  and  polypropylene  ropes.  This  reduction 
is  not  significant  If  the  allowable  working  load  or  the  factor  of 


safety  is  as  proposed  lu  section  8.5  or  the  Exxon  Share  1 report. 

Wilson  (Wilson,  197''  discusses  in  some  detail  changes  in 
rope  elastic  properties  with  cyclic  loading  and  age.  These  data 
Indicate  that  as  a rope  ages,  the  breaking  strength  may  not 
decrease  signlf  leant  ly . Available  data  (Wilson,  19?"')  indicate 
decreases  of  up  to  50  percent  in  breaking  energy  for  twisted 
nylon  ropes.  The  actual  situation  Is  probably  rather  more  com- 
plex, as  discussed  below  (McKenna,  loy8) . 

The  total  energy  absorption  capability  of  a fiber  and  of  a 
rope  Is  a function  of  two  factors,  one  related  to  material  bulk 
modulus-,  which  docs  not  change  with  age  or  load  history,  and  one 
related  to  mechanical  working  of  fibers  which  changes  with  age, 
primarily  during  initial  loading  cycles.  After  a relatively 
modest  number  (as  few  as  SO'  of  lead  cycles  and  with  no  load 
exceeding  10  percent-  of  breaking  strength,  median  lea  1 working 
and  rope  properties  will  stabilise.  The  energy  absorption 
capability  of  this  stabilised  rope  will  thereafter  remain  rela- 
tively constant  unless  the  rope  is  leaded  to  more  than  to  percent 
of  breaking  strength.  it.  may  be  more  appropriate  to  use  the 
properties  of  this  stabilised  rope,  rather  than  these  of  new 
rope,  to  determine  allowable  leads.  It.  should  be  noted,  however, 
that,  repeated  loading  over  long  periods  will  cause  gradual 
reduction  in  energy  absorption  capability.  These  t'a.eters  must 
be  taken  into  account  in  any  cons Iderat ion  of  dynamic  loading. 

8.  1 I'TKENdTll  Ki-'PIV  T i ON  'vdE  IV  liklH  'PAP’Kd  KATES 

Maximum  hawser  loads  usually  occur  as  a result  of  large 
motions  of  the  moored  ship.  These  motions  can  produce  sudden 
hawser  snatch  or  impact  loads.  Existing  load  monitoring  sys- 
tems are  probably  not  able  to  sense  the  resulting  high  leading 

Samson  Ocean  Systems 
can  be 


rates  and  instantaneous  maximum  loads-, 
has  indicated  that  the  hawser  strength 


s 1 gn i f i cant ly 


reduced  by  high  loading  rates.  At  North  Sea  SPMs,  loading 
rates  up  to  five  percent  of  breaking  strength  per  second  have 
been  recorded  (McKenna,  1978).  These  high  loading  rates  have 
produced  noticeable  reductions  in  hawser  life  (McKenna,  1978). 

Experimental  results  for  synthetic  ropes  up  to  three  inch 
circumference  (Borwick  and  Elliot,  1972  and  Dickie,  1975)  in- 
dicate significant  reductions  in  breaking  strength  can  occur  at 
high  loading  rates.  Figures  8-2  and  8-3  (from  Borwick  and  Elliot, 
1972)  show  variations  of  breaking  load  and  total  energy  absorbed 
before  breaking  with  initial  loading  rate.  The  energy  absorption 
is  perhaps  of  greatest  interest,  since  snatch  loadings  are  usually 
associated  with  large  energy  transfer  from  ship  to  SPM.  Poly- 
propylene has  the  greatest  percentage  loss  it)  breaking  load 
while  nylon  has  the  greatest  percentage  loss  in  breaking  energy, 
about  50  percent  for  a 60  foot  per  second  loading  rate. 

Table  8-1  and  Figure  8-4  show  impact  loading  results  deter- 
mined from  falling  weight  tests  of  small  braided  ropes,  (Dickie, 
1975' • Table  8-1  indicates  dynamic  breaking  loads  of  33  to  58 
percent  cf  static  breaking  load.  The  impact  velocities  for  these 
tests,  as  shown  in  Figure  8-4,  are  about  19  to  23  feet  per  second. 
For  these  impact  velocities,  the  NEL  data  of  Figure  8-2  show 
breaking  loads  of  more  than  80  percent  of  static  breaking  load. 
These  differences  are  probably  due  to  the  shorter  rope  lengths 
and  nonaxlal  loading  and  perhaps  to  the  more  rapid  rate  of  change 
of  velocity  in  the  Canadian  tests.  The  Canadian  data  show 
significant  reductions  in  breaking  load,  for  a given  impact 
velocity,  with  decreasing  rope  length,  due  no  doubt  to  decreased 
energy  absorption  capability.  Sampson  feels,  that  under  dynamic 
loading,  hawser  breaking  strength  can  be  significantly  reduced 
by  non-uniform  fiber  Loading. 
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At  present,  there  are  not  sufficient  data  to  define  a use- 
ful quantitative  relationship  between  breaking  strength  or  allow- 
able load  and  impact  velocity  (loading  rate)  and  energy.  This 
relationship  clearly  needs  to  be  determined.  Such  relationships 
could  only  be  effectively  used  in  a MLMS  or  MLPS  if  the  M'.uMS 
frequency  response  was  sufficiently  high  to  determine  maximum 
rates  of  change  of  load  during  impact  type  loadings,  such  as  occur 
when  the  ship,  in  yawing  about  the  buoy,  suddenly  pulls  the  hawser 
taut . 

It  should  be  noted  that,  all  test  results  described  are  for 
new  ropes.  Stabilized  or  used  ropes  have,  as  described  in 
Section  8.2,  lower  breaking  energy  than  new  ropes.  Impact  tests 
of  stabilized  or  used  ropes  are  clearly  needed. 

8.i;  aliowafle  ship  mocking  :.uapu 

The  influence  of  ship  mooring  fitting  strength  on  allowable 
mooring  load  is  discussed  in  some  detail  in  the  Exxon  Phase  i 
report.  Clearly  the  hawser  load  should  not  exceed  a safe  fitting 
load,  which  is  defined  as-  one-half  the  ultimate  capacity  e-'  the 
fitting.  The  hawser  and  mooring  fittings  must  also  be  compatible, 
to  ensure  that  the  full  strength  of  each  can  be  realised. 

For  well  designed,  fabricated  and  installed  fittings,  which 
are  in  good  condition  (not  badly  rusted,  pitted,  etc.',  safe  or 
allowable  loads  are  a function  of  fitting  size.  It  Is  not  possible, 
however,  to  determine  by  visual  inspection  if  a mooring  fitting 
is  well  designed,  fabricated  and  installed.  Unless  shipyard 
drawings  of  the  fittings  are  available,  which  will  generally  not 
be  the  case,  safe  fitting  load  can  be  determined  only  by  methods 
such  as  x-ray  or  ultrasonic  inspection. 

It  is  probably  not  feasible  to  bring  the  necessary  equipment 
aboard  ship  for  inspections,  unless  a ship  is  certain  to  visit 
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the  DWP  on  a regular  basis.  This  generally  cannot  be  assured  for 
a common  carrier  or  open  port.  It  will  therefore  probably  be 
possible  only  to  determine  the  type  of  mooring  fittings,  their 
general  appearance  and  their  condition,  and  to  determine  from 
these  qualitative  factors  if  the  allowable  mooring  load  should  be 
less  than  the  allowable  hawser  load. 

8.5  SPECIFICATION  OF  ALLOWABLE  LOADS  OR  FACTORS  OF  SAFETY 

The  factors  of  safety  recommended  in  Section  5 -7 -6  of  the 
Exxon  Phase  I report  presently  appear  reasonable  when  the  hawser 
governs  allowable  loads.  The  two  factors  of  safety  criteria  given 
there  are: 

1.  Based  on  measured  peak  load 

2.0  for  single  hawsers 

3.0  for  double  hawsers 

2.  Based  on  significant  value  of  measured  cyclic  load 

U .0  for  all  hawsers 

Ta.rger  factors  of  safety  are  clearly  indicated  with  predicted 
loads.  Despite  the  fact  that  these  are  more  conservative  than 
other  existing  standards,  such  as  ABS  Rules  [ABS , 1975)>  there 
exists  a need  for  much  better  understanding  of  the  dynamic 
strength  of  rope  and  hawsers.  Prudence  might  dictate  the  use  of 
somewhat  larger  factors  of  safety  until  better  data  on  the  prop- 
erties of  large  hawsers  are  available. 

At  the  CONOCO  terminal  (Linehan,  et  al.,  1975),  the  MLMS 
alarm  is  set  at  ten  percent  of  estimated  hawser  static  strength, 
while  the  largest  peak  load  reported  was  17.6  percent  of  static 
strength.  Based  on  Samson  data  for  the  21  inch  nylon  line  used 
and  on  port  operational  data  (Linehan,  et  al.,  1975 ) , the  allow- 
able working  load  for  the  hawser  should  be  about  190  tons  or  19 


percent  of  static  breaking  strength.  The  conservative  alarm 
setting  may  be  a reflection  of  the  early  problems  experienced  at 
the  terminal  or  concerns  of  Samson  about,  hawser  dynamic  strength. 


8.6  SFFO  I F ’ TAT  [ON  0!-'  WARNING  IJKVKT.S 


As  noted  in  Section  4.6,  it  Is  proposed  that  the  load  warning 
system  Incorporate  two  distinct  warning  levels  and  signals.  The 
first  would  indicate  the  probable  occurrence  of  an  excessive  load 
In  the  near  future  and  the  need  for  extreme  vigilance  coupled  with 
the  use  of  any  available  actions,  such  as  rudder  steering,  to 

' an  e x- 


reduce  loads  . 

The  second 

wou  1 

d Indicate  the 

occurrence 

c e s s 1 v e l oa  -1 

and  the  need 

for 

Immediat e t ermi 

nnt 1 on  of 

transfer  ope: 

■at  Ions.  It 

is  pr 

vposed  that  the 

so  warning 

set  as  follows: 

First  level:  Measured  load  reaches  60  to  VO  percent  of 

allowable  load,  as  described  In  Section  8.4 
or  predicted  load  during  the  next  V minutes 
reaches  80  percent  of  allowable  load. 


Second  level:  Measured  load  reaches  80  to  00  percent  of 

allowable  load,  as  described  1::  Section  8.4 
or  predicted  load  during  the  next  V minutes 
reaches  100  percent  of  allowable  load. 

If  only  one  warning  level  Is  used.  It  should  be  set  at  the  first 
leve  1 . 


8.-  1 NOOK  TO  RAT  ION  OF  A'.LOV.’ASIF  10ATS  1'KF’OlOT  IONS  IN  10AP 


v.  IASS  if- v 'V.'  A NO  IV-  01  Of.  ON  SYSTEMS 


After  suitable  criteria  and  methods  have  been  developed  for 
determining  or  predicting  allowable  loads  as-  a function  of  one 
r more  definable  parameters  (cycles  of  hawser  load,  histogram  of 
cyclic  loads,  rate  of  extension,  etc.’'.  It  is  desirable  to  In- 


oorporato  these  methods  into  the  MI. MS  and  MU'S. 


If  no  pro- 


diction  system  is  used,  they  would  be  incorporated  into  the  MLMS . 
When  an  MIPS  is  used,  it  will  probably  be  most  efficient  to  in- 
corporate these  methods  into  this  prediction  system,  which  will 
require  computer  hardware  and  software. 

Since  necessary  criteria  and  methods  for  predicting  allow- 
able loads  do  not  currently  exist,  it  is  not  possible  to  discuss 
implementation  in  any  detail.  It  is  possible,  however,  to  in- 
dicate the  types  of  measurement  and  stored  data  which  might, 
based  on  results  discussed  in  this  section,  be  required.  Table 
8-2  provides  a listing  of  possible  measurements  and  data  storage 
requirements.  In  all  cases,  the  hardware  and  software  requir- 
ments  are  minimal. 

In  any  MLMS  or  MLPS  which  incorporates  one  or  more  means  for 
redefining  allowable  mooring  loads,  it  is  essential  that  a means 
be  provided  to  alert  port  personnel  to  the  current  estimation  of 
allowable  load.  This  could  be  done  using  a digital  display  or  a 
CRT  data  display.  Without  such  information,  a warning  alarm  might 
be  interpreted  as  a system  malfunction. 
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TABLE  8-1 

measured  nary.  breaking  strength 
UNDER  IMPACT  LOADING  - (DICKIE,  1975' 


Sire  and  TvDe 


Breaking  Strength  - Pounds 
Rated  Failure 


Per-'ent  Reduction 
From  Rated 


1/?"  ’'’-aided  Polypropylene 

'I.-’IOO  1,690 

62 

5 8"  Pralded  Polypropylene 

7,350  3,555 

.52 

1 2"  Braided  Polyester 

r*~ 

r—l 

o 

o 

LT» 

'I? 

5/8"  Braided  Polyester 

13,000  '1,301 

67 

1 2"  Braided  Nylon 

8,300  3.626 

5o 

TABLE  8-2 

POSSIH’ 

REQUIREMEN 

,K  MEASUREMENT:'  AND  DATA  STORAGE 

TS  FOR  AI.U'WARIj-:  t-oad  predictions 

Factors  Affecting  Taramet 

Allowable  Load  be  Mean 

or  to  Data  Storage  Computer 

ur-'d"  Reculrement  Requlr 

Proccs. 

e-r.ents 

I 

\ 

. Cumulative  Cyclic 
Loading 

Mean  and  Peak 
Load  of  Each 

Cyc  le 

Histogram  of 
Cyclic  Loads 

For  each  load  cycle  the 
loads  are  classified  by 
lead  range  and  the  num- 
ber of  cycles  for  this 
load  range  Is  incremented 

o 

. High  Loading  Rates 

Rate  of  Change 
of  load Ing 

None 

The  rate  of  application 
of  load  would  be  deter- 
mined from  rate  of  change 
of  load. 

[• 

3 

, Reduced  Breaking 

Ene  rgy 

Elongat I on 

Under  Fixed 
Static  Loads 

Calculated 

A 1 lowab le 

Load  Haswer 
Properties 

The  allowable  breaking 
eif-rgy  would  be  calcu- 
lated from  measured  de- 
flection under  load  and 
stored  new  huwser  elastic 
properties . 

h 

. Inadequate  Ship 
Fitting  Strength 

Ob  r.  or  vat.  I on 

Data  Keyed 

In 

Input  Allow- 
able load 

The  estimated  allowable 
ship  fitting  load  would 
be  stored. 

• 

Based  on  Current  Understanding 

-B.il 

- 

L ..... 
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FIGURE  H-l  - DATA  FOR  CYCLIC  LOADING  Of  SYNTHETIC  ROPES 
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FIGURE  8-2  - BREAKING  LOAD  FOR  SMALL  MARINE  HAWSERS;  THE  FIRST 
RESULTS  OF  TESTS  MADE  AT  THE  NATIONAL  ENGINEERING 
LABORATORY 
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FIGURE  8-3  - THE  RESULTS  OF  TESTS  FOR  ENERGY  ABSORPTION 
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CRITK1UA  FOR  Dll  TP  MOOKINd  AND  UNMOORINP, 

Existing  DWP's  have  developed  their  own  criteria  for  deter- 
mining the  conditions  under  which  a chip  may  moor  at  the  port  or 
the  conditions  at  which  the  ship  should  leave  the  mooring  (un- 
moor). The  latter  criteria  may  not  be  the  same  as  that  used  for 
termination  of  cargo  transfer  operations. 

The  decision  on  whether  to  permit,  a ship  to  doc<  at  a DWP 
will  be  made  by  the  ship's  master  and  the  mooring  master  assign- 
ed to  the  particular  mooring  in  question  or  other  designated 
DWP  personnel.  The  decision  on  when  a ship  leaves  a mooring 
will  be  made  by  the  ship's  master.  DWP  personnel  may  recommend 
that  the  ship  leave  the  port,  and  if  this  recommendation  is  not 
accepted,  the  DWP  may  exert  pressure  on  the  master,  perhaps 
through  the  ship's  owners.  It  is  considered  highly  unlikely  by 
port  operators  that  a ship's  master  would  ignore  recommen- 
dations or  pressure  from  the  DWP. 

Present  criteria  for  permitting  a ship  to  moor  are 
usually  based  on  the  maximum  significant  wave  height  (usually 
six  to  ten  feet)  in  which  mooring  launches  can  operate.  Moor- 
ing may  be  prohibited  even  when  launches  can  safely  operate, 
however,  if  the  weather  is  predicted  to  deteriorate  to  a point 
where  early  termination  of  the  mooring  is  expected.  At  present, 
such  decisions  are  probably  made  on  a very  subjective  basis, 
the  mooring  master's  experience  and  prudence  being  relied  upon 
for  safety. 

A decision  on  whether  to  permit  a ship  to  moor  may  also 
be  based  on  initial  examination  of  the  ship's  mooring  fittings 

by  the  mooring  master  who  boards  the  ship.  Eased  on  the  dis- 

’ 
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cusslons  in  the  Exxon  Phase  1 report  (Flory,  et  al.,  1977), 
this  examination  is  con: idered  a necessary  prelude  to  the 
granting  of  permission  to  moor.  The  difficulty  of  rational 
evaluation  of  mooring  f tting  strength  through  visual  inspec- 
tion, as  discussed  in  Section  8.4,  is  great. 

Existing  DWPs  establish  their  own  criteria,  based  on  wind 
and  wave  conditions  and/or  on  measured  mooring  loads,  for 
recommending  that  a ship  leave  the  mooring.  When  a MI. MS  is  In. 
use,  excessive  mooring  load  may  be  the  primary  criterion.  Even 
with  a MLMS,  however,  the  port  may  establish  criteria  based 
maximum  allowable  wind  speed,  wind  direction  and  or  significant 
wave  height.  Wind  direction  is  important  when  the  wind  is  live- 
ly to  blow  a departing  ship  toward  any  nearby  moorings  or  f i xeb 
structures,  such  as  an  offshore  platform. 

Allowable  combinations  of  wind  speed  direction  and  wa\n 
height  vary  widely.  At  one  North  Sea  DWP,  wind  speeds-  as  high 
as  95  to  30  knots  and  significant  wave  heights  as  large  as  .'■> 
to  30  feet  are  permitted.  At  another  North  Sea  DWP,  with  a 
MIMS,  ships  have  been  permitted  to  remain  at  the  mooring  and  to 
continue  cargo  transfer  up  to  combined  wind  speeds-  and  signif- 
icant wave  heights  of  53  knots  and  93  feet  and  30  knots  and  .'8 
feet,  respectively.  Such  criteria  are  clearly  related  to 
measured  mooring  loads  and  observed  ship  motions  as  well  as 
the  design  of  the  particular  mooring  and  the  adverse  nature  eg 
the  North  Sea  environment. 

The  criteria  discussed  above  are  clearly  loss  conservative 
that  the  preliminary  proposals  of  LOOP  (LOOP,  1.9Vo ) and  Seadeek 
(Seadock,  1978),  which  call  for  termination  of  cargo  pumping, 
with  12  foot  significant  wave  heights  and  departure  from  the 
port  with  15  foot  significant  wave  heights  or  hawser  loads 
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approaching  the  safe  working  load.  Based  on  operating  exper- 
ience at  other  DWPs,  it  seems  likely  that  U.  S.  DWPs  will  propose 
to  use  the  M LMS  and  the  MBPS,  if  installed,  plus  environmental 
factors  to  determine  when  a ship  must  leave  the  mooring. 

One  of  the  important  uses  of  a mooring  load  prediction 
system,  if  installed,  will  be  to  provide  information  necessary 
for  a rational  assessment  of  when  a ship  should  be  permitted  to 
moor  and  when  a ship  should  leave  the  mooring.  Long  term  pre- 
dictions will  probably  be  required  for  decisions  on  whether  to 
permit  mooring.  Either  long-term  or  short-term  predictions  can 
he  used  to  make  decisions  on  when  the  ship  must  leave  the  moor- 
ing. The  use  of  an  MLMS  should  permit  a mere  logical  and 
orderly  decision  on  when  to  initiate  the  unmooring  sequence. 

i 


SETT  ION  10 


RECOMMENDATIONS  FOR  FURTHER  INVESTIGATIONS 

In  the  Exxon  Phase  I report  (Flory,  et  al.,  1977)  four 
topics  dealing  with  the  strength  of  ropes  were  recommended  for 
further  research.  These  are: 

1.  Establish  test  procedures  for  large-diameter 
synthetic  ropes. 

2.  Develop  large-diameter  synthetic  rope  properties. 

3 . Develop  non-destructive  means  and  practices  for 
determining  new-rope  strength. 

4.  Develop  means  and  practices  for  determining  used- 
rope  strength. 

These  topics  are  still  considered  of  great  importance . Based  on 
the  research  carried  out  in  the  present  study,  five  additional 
areas  are  recommended  for  further  investigation: 

1.  Determine  the  dynamic  strength  of  new  and  used 
synthetic  rope. 

2.  Consider  the  impact  of  unique  features  of  I.NG 
ports  on  MLMS  and  MIPS  requirements . 

3.  Develop  criteria  for  ship  mooring  and  unmooring 
requirements . 

4.  Determine  the  ambient  acoustic  environment  for 
SPMs . 

5.  Develop  empirical  mooring  load  prediction 
methods . 


These  additional  rect mmendations  are  discussed  in  detail 


below . 


10. i DYNAMIC  STRENGTH  OF  ROPE 

In  the  Exxon  Phase  I report  (Flory,  et  al.,  1977)  various 
factors  affecting  the  strength  of  synthetic  rope  and  requiring 
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rdd:tionl  work  were  considered.  The  effects  of  dynamic  or 
.d  ->ck  loading  involving  high  rates  of  loading  were  not,  however, 
considered  in  detail.  These  effects  are  considered  in  Section  8 
. f rhis  report  where  it  is  concluded  from  the  very  limited  data 
. vai-able  that  rope  strength  may  decrease  rapidly  with  increas- 
ing rate  of  loading. 

It  is  considered  essential  to  obtain  more  information  on 
the  effect  of  rate  of  loading.  It  may  be  possible  to  obtain 
additional  information  from  rope  manufacturers.  Facilities  for 
tests  of  large-diameter  ropes  do  not  appear  to  exist;  the 
specially  designed  facility  at  the  National  Engineering  Labor- 
atory (Borwick  and  Elliot,  1972)  can  test  ropes  only  up  to  about 
three  inch  circumference.  Tests  of  somewhat  larger  ropes  may 
be  possible  using  drop  tests  (Dickie,  1975)* 

10.2  SPECIAL  CONSIDERATIONS  FOR  LNG  DW PS 

This  study  has  primarily  addressed  oil  DWPs.  The  unique 
factors  associated  with  other  DWP  cargoes  are  considered  only 
briefly.  Some  aspects  of  LNG  terminals,  determined  primarily 
from  a recent  study  (Tatge,  et  al . , 1977),  are  discussed  in 
Appendix  G.  It  appears  likely  that  any  LNG  DWP  will  use  float- 
ing facilities  and  one  or  more  moorings.  Since  LNG  presents 
different  operating  problems  than  oil  and  presents  potential 
safety  problems,  an  analysis  of  mooring  load  monitoring  and 
prediction  systems  requirements  for  LNG  DWPs  is  recommended. 

At  present,  no  LNG  DWPs  or  contracts  to  build  such  DWPs 
exist  (Tatge,  et  al.,  1977).  DWP  concepts  have  probably  been 
developed  in  sufficient  detail,  however,  to  make  a limited  study 
meaningful . 
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10  . « OKI  TKK  1 A FOR  SHIT  MOOR  TWO.  AND  UNMOOR  i NO 

Mooring  Load  monitoring  and  prediction  systems  will  be 
used  to  make  operational  decisions  such  as  whether  to  permit  a 
ship  to  moor  or  whether  to  recommend  or  require  a ship  to  leave 
the  mooring.  It  is  assumed  that  the  Coast  Guard  will  establish 
criteria  or  will  approve  criteria  proposed  by  a DWP  for  such 
key  operating  decisions.  in  order  to  carry  out  these  functions 
it  is  necessary  to  provide  a basis  for  such  criteria. 


Criteria  for  conditions  under  which  a ship  will  be  permit- 
ted to  moor  at  a DWP  or  will  be  required  to  leave  the  mooring 
are  discussed  in  Sections  4.8  and  0, where  some  current  criteria 
are  quoted.  Such  criteria  can  be  based  on  measured  hawser 
loads,  existing  or  predicted  environmental  conditions  or  a 
combination  of  these  factors.  Existing  DWPs  have  developed 
criteria  based  on  their  experience. 

In  order  to  establish  the  basis  for  rational  criteria,  it 
is  recommended  that  representative,  existing  DWPs,  and  partic- 


ularly those  w 
for  mooring  an 
The  results  of 
relate  exist  in 

10. d AMR I EE T 


ith  MLMSs,  be  surveyed  to  determine  their  criteria 
d unmooring  and  the  rationale  for  these  criteria. 

this  survey  should  then  be  carefully  analysed  to 
g criteria  to  proposed  U.  G.  DWPs. 

A 'OUST I C ENVIRONMENT  AT  GPMS 


It  is  concluded  in  Section  5 that  the  most  practical  trans- 
mission system  for  a SA1A1  MLMSs  Is  an  underwater  acoustic  system 
Unless  a burled  cable  is  used,  minimum  transmission  distance  will 
be  about  one-half  mile.  With  this  range,  there  is  a danger  of 
significant  loss  in  accuracy  if  the  environment  around  the  SPM 
is  noisy.  Existing  data  on  typical  background  noise  is  rather 
conflicting.  Noise  might  be  a problem  even  when  a cable  Is  used. 
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Since  there  Is  a good  possibility  that  SALMs  will  bo  used 
or  preferred  for  a U.  S.  DWP,  it  is  recommended  that  good  data 
on  the  acoustic  environment  around  SFMs  and  large  data  buoys, 
at  proposed  PW?  sites  be  obtained.  Tests  should  be  conducted 
at  various  depths  and  in  various  wind  and  wave  conditions,  and 
over  sufficiently  long  periods  of  time  to  insure  statistical 
validity . 


10. 5 DEVELOPMENT  OP  EMPIRICAI  PREDICTION  METHODS 


Based  on  the  limited  analysis  described  in  Appendix  P,  !• 
is  concluded  that  useful  empirical  methods  for  predicting  she 
and  medium-term  SPM  hawser  loads  can  probably  be  develops  i. 
Further  development  and  validation  using  a larger  body  of  data 
is  needed  to  determine  the  expected  accuracy  and  utility  of 
such  methods.  Both  model  test  and  PWP  mooring  load  data  sou  id 
be  used. 


It.  is  felt  that  a considerable  amount  of  usable  mooring 
load  data  for  existing  DWPs  can  be  obtained.  Usable  data  mus 
contain,  in  addition  to  load  time  histories,  the  ship,  wind 
speed,  wave  height  and  perhaps 


current  snood. 


SECTION  11 


CONCLUSIONS 

Based  on  the  results  of  this  study,  a number  of  conclusions 
seem  worthy  of  special  note.  These  conclusions  are  discussed 
be  low : 

11.1  MOORING  LOAD  MONITORING  SYSTEMS  (MIMS) 

1.  All  IT.  S.  DWPs  should  have  an  MLMS . 

?.  This  MLMS  should  have  the  following  capabilities  and 

characteristics : 

o A display  of  load  time  history  covering  at  least 
one  hour  should  be  provided. 

o Aural  and  visual  warning  devices  should  be  provided 
at  the  control  center  and  on  the  ship. 

o Voice  radio  communication  should  be  provided 
between  the  control  center  and  the  ship. 

o The  load  sensor  should  be  at  the  buoy  end  of  the 
hawser . 

3-  The  most  critical  component  of  the  MLMS  is  the  buoy- 

control  center  transmission  link. 

o For  CALMs  and  towers  a well  designated  radio  link 
should  be  reliable  and  is  recommended. 

o For  SALMs  an  underwater  acoustic  link  is  recommended, 
but  there  are  potential  problems  with  signal  corrup- 
tions and  a relay  will  probably  be  required  unless 
an  acoust ic/cable  system  is  used. 

4.  Overall  MLMS  accuracy  should  be  five  percent. 

5 . Overall  MLMS  maximum  frequency  response  should  be 

0.5  Hertz. 
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11.2  moorilg  load  prediction  system  (mlps) 

1.  A MLPS  Is  not  required  for  a U.  S.  DWP,  due  to  the 
short  times  required  to  terminate  oil  transfer  oper- 
ations, but  it  is  recommended  that  an  empirical  short- 
or  medium-term  MLPS  be  used  at  a DWP. 

2.  It  seems  feasible  to  develop  empirical  methods  which 
have  adequate  accuracy  and  which 

o Have  modest  computer  hardware  and  software  require- 
ments . 

c Can  be  updated  and  improved  as  operational  data  are 
obtained . 

3.  Careful  processing  of  measured  load  data  is  required 
for  empirical  MLPSs . 

4.  long-term  (six  to  48  hour)  MLPSs  are  not  required  and 
suitable  predictional  schemes  will  be  difficult  to 
develop . 

5.  Methods  for  predicting  wave  heights,  required  for  any 
MLMS,  are  available,  but  may  impose  significant 
computer  hardware  and  software  requirements. 

11.3  Ere; r rc:::-:p \ta  l mea  s itrpments 

1.  Measurements  of  wind  speed  and  direction,  current  speed 
and  direction,  and  wave  height  are  required  for  decision 
making. 

2.  Measurement  of  wave  direction  is  desirable  but  not 
required . 

3.  Weather  predictions  and  a means  for  predicting  future 
wind  speed  and  wave  heights  are  needed  for  any  MLPS. 


?.  Allowable  hawser  loads  depend  on  synthetic  rope  pro- 
perties and  may  be  significantly  reduced  by  high  load- 
ing rates. 

3.  There  is  a need  to  establish  criteria,  based  on  hawser 
load.-  and  environmental  conditions,  for  determining 
when  to  permit  mooring,  to  terminate  cargo  transfer 
operations  and  to  leave  the  mooring. 


11.5  TYPPP  OF  PWP 

1.  SALMs  offer  greater  difficulties  for  MLMs  than  do 
"ALMs,  towers  or  alongside  moorings . 


LNG  DWPs  will  probably  use  floating  platforms  and  will 
probably  be  quite  different  from  oil  DWPs. 
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manufacturers  product  by  HYDRONAUT ICS , Incorporated  or  by  the 


A. 1 MOORING  LOAD  MONITORING,  A RE-APPRAISAL  OF  MOORING  TECHNIQUE 

A brochure  "Mooring  Load  Monitoring,  A re-appraisal  of 
Mooring  Techniques"  by  J.  D.  Campbell  was  provided  by 
Strainstall  Ltd.  It  is  included  as  appendix  A.l. 

The  Strainstall  Ltd.  Shear  Pin  Load  Cell  is  shown  in  Figure  A-l. 
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mooring  load  monitoring 

A re-appraisal  of  Mooring  Techniques 


I D Campbell 

Md'me  Manager,  StramstJll  Ltd 


Until  recently  almost  all  systems  develop 
ment  in  tanker  design  has  been  directed 
towards  improving  the  economics  and 
safety  ot  operation  of  the  vessel  whilst 
underway  on  the  open  sea  but  the  same 
aspects  relating  to  the  vessel  in  harbour 
have  been  neglected  It  is  in  the  harbour 
that  the  large  vessel  unable  to 
manoeuvre  independently,  is  more  vulner- 
able to  damage  through  the  action  of 
tough  weather  than  when  at  sea 

Despite  the  advances  ot  the  last  twenty 
years,  today  s VLcV  is  secured  to  its 
marine  terminal  berth  m substantially  the 
same  manner  as  all  other  vessels  have 
been  secured  to  their  berths  for  the  pre 
ceding  1 000  years  Lines  supplied  from 
the  vessel  are  passed  ashore  and 
secured  to  fixed  mooring  points  As  the 
sue  of  the  vessels  has  increased  the 
tendency  has  been  to  moor  them  with  a 
greater  number  of  lines  capable  of  taking 
heavier  moor  mg  loads  However  prjctu  ai 
considerations  of  handleab  ' tv  determine 
the  maximum  sue  of  ropes  that  can  be 
used  tor  moor  mg  large  vessels.  m 
general  rope  performance  has  net  in 
creased  proportionately  w !h  vessel  sue 
because  of  this  restrict. on  therefore 
margins  ot  safety  have  been  eroded 

the  fallibility  of  this  method  ot  vessel 
restraint  has  been  repeatedly  demon 
strated  by  the  number  which  have  broken 
out  from  then  moorings  under  the  single 
or  combined  actions  of  wind  waves  and 
tide,  however  the  fault  is  not  neces 
sanly  m the  ropes  or  configuration  of  the 
mooring  pattern  employed  but  m the 
almost  comp  ete  deficiency  . t wei! 
founded  information  upon  which  tech 
nigaes  of  sale  moor  mg  management  may 
be  based 

It  is  established  that  tor  many  metals 
increased  sham  rates  produce  increased 
yield  points  m conjunction  with  do 
creased  ductility  m nu.d  steel  the  v «■  d 
point  may  be  shown  to  increase  bv  mv\ 
for  a substantial  increase  in  sham  rate 
Bulk  plastics  and  some  fibres  used  n 
rope  construction  display  similar  chaiac 
tor istics  ' • However,  it  has  been 
thought  for  some  years  that  ropes  and 
in  particular  sythenhc  fibre  ropes  m those 
forms  of  construction  in  general  use 
today,  did  not  share  these  characters 
tics  lire  available  evidence  now  clearly 
supports  this  theory,  namely  that  a rope 
subjected  to  a dynamic  loading  is  appre 
oahly  weaker  than  its  stated  breaking 
load  may  suggest 

The  relevance  of  rope  performance 
under  dynamic  loading  to  a vessel 
secured  to  a beith  in  the  conventional 
manner  is  that  such  a combination  con 
stitutes  a d»nanuc  system  a fact  which 
•s  generally  unrecognized  A common 
misconception  is  that  a mooring  line  has 
to  withstand  force  and  only  force  (hence 
the  practice  of  quoting  a rope  m terms 
of  its  breaking  load),  this  .s  only  true  m 


the  quasi  static  condition  Ihe  primary 
(unction  of  the  mooring  line  is  to  absorb 
energy  irt  to  remove  the  motion  from  a 
vessel  however  induced,  and  return  it  to 
a state  ot  rest  Logically,  if  the  vessel 
does  not  have  any  forces  acting  on  it 
capable  ot  inducing  horizontal  motion, 
there  is  no  requirement  to  moor  it  In 
real  terms  however,  the  forces  goner 
ated  by  the  action  ot  wind  tide  and 
local  water  disturbances,  (eg  a passing 
ship),  can  be  very  high,  and  the  energy 
thus  liberated  is  manifested  in  the  ves 
sei  s movement  Therefore  if  the  vessel 
s to  remain  moored  and  not  break  out 
the  mooring  system  must  be  capable  of 
absorbing  tins  energy,  te  preventing  any 
motion  or  at  worst  restricting  it  before 
attaining  its  point  of  failure 

it  is  natural  that  it  all  the  mooring 
nes  are  slack  the  vessel  has  greater 
freedom  to  move  than  if  they  were  bar 
f.u.t  The  vessel  is  therefore  permitted 
to  gather  wav  acquiring  kinetic  energy 
as  it  does  so  Consider  the  energy  equa 
ton  i (kinetic)  4 \H  where  M is  the 
mass  ot  the  moving  obiect  and  V its  ve  o 
c.ty  In  the  context  of  the  VI. CC.  <t  is 
obvious  that  V does  not  need  tv'  have 


distributed  equally  between  the  members 
of  the  mooring  pattern  In  practice  this 
is  not  so  Full  scale  mooring  load 
measurements  earned  out  bv  the  National 
Engineering  Laboratory  East  Ki. bride  >n 
association  with  the  tsso  I'etroieum  v o 
Ltd  demonstrated  that  gs  '.  of  the  total 
mooring  load  was  being  taken  bv  not 
more  than  three  mooring  lines  out  ot  a 
mooring  pattern  total  of  up  to  twenty 
Changes  m wind  and  tide  caused  loud 
re  allocations  amongst  the  individual 
lines  but  essentially  the  vessel  was  ehe» 
lively  restrained  by  a maximum  v't  three 
lines  at  any  one  time  1 he  mooring  svs 
tern  is  therefore  poorly  placed  with  th 
ci  it  redundant,  to  absorb  the  energes 
which  may  be  released  through  surge 
forces  acting  on  the  vessel  which  i e 
system  is  securing  to  its  berth 

it  therefore  follows  that  anv  efficient 
moor.ng  pattern  must  te  comprised  ot 
lines  of  uniform  materials  and  const'  c 
tion  as  different  materials  and  lavs  ; o 
dvice  ropes  of  differing  properties  m 
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»nv  significant  value  when  M can  ho  s*' 
great  be'oro  the  mooring  ‘vstem  is  ca!  ed 
upon  to  absorb  very  considerable  love's 
c?  energy  Any  moonng  line  which  d«s 
i'  .iv.  an  ohservab’o  catenary  is  bv 
definition  sl.uk  and  so  the  vessel  is  free 
tv'  move  more  or  less  unrestrictedly  unt  1 
this  slack  is  taken  up  At  this  point  f'e 
moonng  line  will  commence  lo  absorb 
energy  the  level  of  which  will  have  boon 
amplified  by  the  movement  of  the  vessel 
Typically  a moonng  line  supplied  bv  a 
VlCC  will  comprise  a sj  m orcumv 
en  e w re  bent  to  a 10  m circumference 
synthetic  tail  Over  an  unsi  eported  length 
of  i.\>  ft  the  catenary  will  cease  tv'  he 
observable  when  the  Ime  is  subiected  to 
a tension  of  8 font 

It  would  be  reasonable  tv'  consider 
that  the  function  of  energy  absorption  is 


terms  of  strength  elasticity  a \1  one  gv 
absorption  Additionally  it  mav  be  v . ■ 
side  red  madysabo  to  eg*  i .i  v,<«. 
sel  with  a 100  synthet  . .?  ,• 

complement  (.is  distinct  ’ v ••  w «•  w « 
svntftef'v  tails'  as  tht»  - ea!e  do.  ce  e* 
• Mst  . ty  w si  allow  the  vo*  .»*  tv 
move  even  when  trie  me  > wets  >,j 
won  ..p  its  working  range 

in  consequence  it  s now  pr*  posed 
that  for  ;a*e  mooring  ail  I. 'os  shov  ui 
be  ma  nt.ui'evl  at  a min.mum  tension  v f 
dVP-v  a ' v ' 8 tv'u’  Hpwi'vt'i  A e >'.'t  v’  s 
I'*. iv  iv,  an  observable  v ate  \.e\  can  *pe 
at  any  tension  between  t*’o  8 t.  id  .uu*  ts 
b'e  ik  uj  iv'.ivi  (An  expe  c'i  i'vi  man  "ay 
be  able  tv'  nidge  the  tonsvn  n a moor 
in  i l.i'e  t v its  fee  but  the  ''creases 
m the  sue  of  the  ropes  now  used  has 
m ufe  this  method  less  pt  » reliable 
gc  do  ' Uv  traditu'n  the  seaman  w il  tend 
tv'  ease  his  lines  but  t'y  Slav  m*  • ng 
down  ho  has  provided  the  vessel  w-n 
sv  ope  Iv'  move  thereby  worsening  the 
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propose  «s  lo  lender  the  load  signal  *n 
sensitive  to  external  eleetru.il  ulterior 
ence  or  degradation  ot  cable  insulation 
resistance  and  to  maintain  the  signal 
/ever  irrespective  ol  the  length  ol  cable 
employed  between  mooring  point  and 
load  monitor  console  position 

1 t*e  central  monitor  console  «s  n 
stalled  in  the  control  100m  ot  the  temu 
nal  or  control  building  where  it  i an  be 
under  continuous  suneyance  wn  «•  a 
vessel  is  on  the  berth  The  histogram 
display  facihlates  rapid  i s.  at  . iin»|\ui 
son  ol  trie  individual  mooring  nne  loads 
whilst  the  watchKeeper  is  abe  to  relate 

nd  . tied  inconsistent  ,t»s  on  lead  data  tv’ 

specitiC  mooting  points  t'y  means  ol  trie 
leader  lines  and  mimic  diagram  Any 
moormg  line  load  in  excess  ol  the  set 
maximum  (variable  between  J:>  and 
tonl)  w i it  achvale  both  the  audit. • a-sj 
i su.i!  alarms  within  the  console  cabinet 
vis  w il  any  lo.ul  lalhng  below  the  nom  nal 
d lent  minimum  The  alarm  sysleui  cu 
i 1 1 y may  be  employed  to  a.  t vate  addi 
banal  alarms  at  alternative  external  loca 
tions  should  the  control  room  not  be 
manned  continuously  Permanent  records 
or  the  load  data  can  be  obtained  by  m 
v orporatmq  paper  trace  or  magnetic  tape 
recorders  into  the  lower  racking  ot  the 
monitor  console  It  is  usual  tor  the  re 
roideis  to  be  activated  by  any  excessive 
variations  bom  the  expo*  ted  load  mean 
l which  may  not  be  suthc  ent  to  activate 
the  alarms)  and  to  operate  lor  a t xed 
p«,r  v'd  say  minutes  Sfu'U'd  the  load 
ahnoi  mahty  still  persist  the  recorders 
will  conlmue  toi  a further  ttxed  ponod  1 
not  they  will  switch  oil  Continuous  run 
rung  ot  the  recorders  pa'bculariy  in 
periods  ol  calm  weather  would  prove 
unno.  e . ai  tly  wasteful  anil  . ostly 

The  load  information  may  arso  be  vis 
played  remotely  from  trie  control  console 
t»y  means  ot  portable  s ave  readout  umts 
vtig  4)  Typically  a slave  unit  Cv'uid  be 
ated  vit  the  gangway  head  m the  yes 
r.«»l  s control  room  or  m the  berth  ofbce 
\dvfd  vin.d/v  the  mtotriKih." i •>  n he 
played  on  masthead  dug  tal  units  nun  nted 
adiacent  to  the  moormg  pods  tv'  wh-ch 
they  re’er  as  a means  v'l  assista  ue  tv' 
the  wmch  operators  when  either  s,,»  ken 
in  j down  or  heaving  in 

Total  breakouts  of  large  vessels  tie 
not  common  averaging  v • ••  p t t ten  per 
vo  e n UK  ports  Portia*  breakouts  .re 
m > « frequent  anti  i minor  moormg  in 
t idont  v'Cvu'S  almost  dai'y  However  the 
financial  consequences  v'l  a y moor  mg 
a.  Culenl  may  prove  It'  be  extern-  v i*  and 
m iy  felled  some  or  a ot  the  following 
lactots  m whoa*  or  pad 
l)  Hlthlional  use  v'l  tuy.s  to  hold  the 
vesse  nrulei  o'>b  .•■  follow  >g  a » .P 
t;  il  or  total  breakout, 
fry  doc  kin  I . • ind 

possible  repau  \ v'Wing  e tht»r  » v'i i . 
s on  or  grounding  causing  with 


;wvfi  pm  v nailed  m both  the  hv*ok 
pedestal  sin  :me  «uul  the  side  plate 
assembly,  which  is  placed  m a condition 
ol  double  she.ii  when  the  hook  or  pulley 
is  under  load  The  active  elements  o!  the 
tiansduce*  are  ele.  local  resistance 
sir amgat  ges  which  produce  a voltage 
output  v ' 'pt'itu'-aal  to  theu  degiee  of 
deformation  vviien  mulei  load  A signal 
condition  mg  unit  s a ss  u i.ited  will  each 
transducei  and  mounted  locally  to  il  Its 


situation  Thus  there  rs  vi  requirement 
I',  .i  syv'em  which  will  enable  nt  h of 
the  ’Ov>  ’tj  ; nes  ti'  he  protensioned  to 
,iv  eptah  •*  and  equal  values  ol  moormg 
iv'tul  ai’  f to  detect  any  radical  depar 
lures  both  ai'v've  .md  below  the  preset 
vai  ie  which  nay  abed  any  particular 
1 u»  v’i  n»‘  The  ‘ uamstall  Mooring 
ond  M t v>r  has  been  developed  lor 
this  pur  pose 

The  fc  \ . ; l v».ivi  Monitor  i M t M ) in 

! , •••  t*nt  loi'ii  . a |olly  installation 

and  a ly  •.  il  VUa  t’ortfi  layout  is  rllus 
its  techn  , 

v .i  t"  a 1 : v * »•  i v . yi i v ettectively  t.» 

sh  o Pome  wmch  eg  npment 

• has  Mi  M consists  ot  two  sub 

u mis 

e tra  f '■  e (o Id 

• ms.  j dev  u o one  ho  ng  incor 
t r at**.  1 'o  tht*  trudure  of  each 

i omt  mooring  points  on 
large  tankn  berths  are  invariably 
v k <•'«  • ‘ o k . pulleys  or  Iheir 

der  *v  aborts 

i no  ed  ab  e v’n.’ruv  b.  Ihe  bans 
g . . • s t.)  f e mo."  n j load  m 'nit.  r 
ns. mo  ylai  d)  v i'  wh  . h the  mdi 
v kI. i ,ii  v . mg  loads  exerted  m each 
m ’v'i  ».|  ' are  v oilecbvoly  d ■- 

j . ly.  a ,•  ' *'i  stog : mi  or  vertical 
edgemeter  i n mat 

In  genera!  e tiansducers  are  de 
gnevf  lo  i"  /ace  in  existing  member 
within  the  hook  u pulley  assembly 
' . i * : y\  *■  • the  f i 1 a. I impart*  d bv 
Ihe  mooring  line  may  t'e  rim:,  derecf  lo 
iv  I Tlr.  apt  roach  obviate*.  any  require 
meal  Ioj  .uJil  I'tm  i components  or  struc 
lieal  moddicalv'ns  and  the  member 
ijoni'ially  selected  trie  bor  r.'onlal 


(1mw.iI  from  service  and  consequent 
loss  ot  earnmgs. 

in)  damage  to  ietties  and  dock  struc- 
tures oil  loading  unloading  arms  are 
particularly  vulnerable 
iv ) disruption  ot  an  entire  port  complex 
by  the  obstruction  of  the  mam  navi 
gation  channel  foliowing  grounding 
thereby  incurring  high  costs  to  the 
port  and  delays  to  other  shipping, 
v environmental  pollution  through  rup 
lured  cargo  or  bunker  tanks 
vi ) major  risk  ot  fat*  particularly  in  the 
case  of  either  crude  product  or  ING 
carriers 

Not  every  berth  receiving  vessels  of 
large  tonnage  requires  an  MLM  - opera 
tional  histones  may  show  that  it  is  not 
warranted  However  the  lour  significant 
factors  to  be  considered  when  evaluating 
an  installation  proposal  are 

a)  whether  the  berth  is  subjected  to 
severe  meteorological  or  oceano 
graphic  disturbances 

b)  whether  the  volume  and  tonnage  of 
passing  shipping  is  sufficient  to 
create  significant  surge  forces  m the 
mooting  patterns  of  ships  secured 


adjacent  to  the  mam  nav. gationai 
channel. 

c)  whether  the  density  of  other  op  gas 
carrying  vessels  in  the  port  area  is 
such  that  the  potential  haza'ds  o»  a 
breakout  are  greatly  increased 

d)  whether  loading  unloading  restrictions 
dependent  upon  (a)  and  (b)  above 
may  be  relaxed  as  the  vessel  is  now 
secured  to  its  berth  under  a greater 
degree  ot  control 

The  Mooring  Load  Monitor  can  make 
a major  contribution  to  future  port 
safety  The  information  it  provides 
enables  the  terminal  superintendent  or 
the  vessel  s master  to  assess  continuously 
the  efficiency  ot  the  vessels  mooring 
pattern  and  to  take  the  necessary  actions 
lo  ensure  that  maximum  mooring  safety 
is  maintained  Significant  operational 
economies  can  result  from  the  improved 
use  ot  berthing  time  and  the  lessened 
requirement  tor  stand  by  tugs  during 
periods  ot  uncertain  weather  while  the 
nsk  ot  a total  or  partial  breakout  is  greatly 
reduced 
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A .2  A TYPICAL  MOOR [NG  LOAD  MONITORING  SYSTEM  (TECHNICAL 

DESCRIPTION  AND  SPECIFICATIONS ) 

A copy  of  a sales  brochure  (Ocean  Technical  Services  and 
British  Hovercraft  Corporation)  describing  mooring  load  monitor 
for  both  CALMs  and  SALMs  is  included  as  Table  A-l.  The  BHC 
tensile  cell  is  shown  in  Figure  A-2.  Table  A-3  lists  specifi- 
cations for  BHC  radio  intended  for  CALM  use.  Finally,  Table 
A-H  lists  some  specifications  for  a BHC  acoustic  link  intended 
for  SALM  use. 

A.?  MISCELI ANEOUS  EQUIPMENT  INFORMATION 

Figure  A-3  is  a sketch  of  a load  cell  provided  by  Automatic 
Power  Incorporated . This  is  the  unit  installed  on  the  Imodco 
CALMs  and  listed  in  Table  3- 1 • 

Interstate  Electronics  Corporation  is  currently  building 
a sophisticated  data  processing  system  for  use  in  monitoring 
riser  and  mooring  yoke  loads  for  the  Exxon  Hondo  Field  SALM 
production  system.  This  data  processing  system  receives  load 
data  from  various  strain  gage’  sensors  and  can  provide  a wide 
variety  of  CRT  data  outputs  for  mooring  loads, ship  or  platform 
motions  and  environmental  data.  Table  A-5  shows  a typical 
CTR  summary  output  for  a one-half  hour  period  for  a platform 
with  a 12  point  mooring.  In  the  Hondo  Field  system  data  are 
transmitted  by  electric  cables  to  the  data  processing  unit 
which  is  located  on  the  production  ship.  Data  for  the  riser 
loads  is  transmitted  through  an  induction  or  magnetic  coupling 
located  at  the  SALM  buoy. 

During  this  study  no  other  U.S.  companies  were  found  who 
had  actually  built  and  installed  mooring  load  monitoring 
systems  or  equipment  which  was  suitable  for  DWP  use.  Several 
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companies  who  manufacture  load  cells  and/or  cable  tension 
measurement  equipment  for  other  marine  use  are  listed  in 
Table  A-6 . 

Since  acoustic  transmission  appears  to  be  the  only 
viable  technique  for  use  with  SALMs  such  as  proposed  for  the 
LOOP  Incorporated  DWP,  literature  describing  an  off-the-shelf 
acoustic  telemetry  is  included  in  this  appendix  as  Table  A-7. 
This  is  an  AMF  unit  which  may  or  may  not  be  suitable  for  DWP 
use,  but  the  specifications  (particularly  for  accuracy,  temper- 
ature and  battery  life)  are  typical. 


TABLE  A-l  - BMC  SALES  BROCHURE 

Buoy  load  monitors  provide  vit.il  information  on  the  safety  of  vessels  on  oflshore  terminals 

The  monitors  .if a designed  to  measure  the  load  in  the  mooring  lines  and  can  supply  the  following  information 
Continuous  Indication  of  Mivnini  line  loud  Amlio  aiuI  Visual  Alann,  when  load  exceeds  a jve  M*t  value/ 

Permanent  Chart  Ke«onlu\ip  of  loads,  ttius  provision)  histxim  al  data  on  rope  fatujue  and  operational  conditions 
During  operational  use  of  the  system  the  chart  recorder  can  be  used  to  display  the  trends  of  load  changes 
The  telemetry  link  which  is  an  integral  part  of  the  monitor  can  be  used  in  conjunction  with  other  transducers  to  provide 
continuous  information  on 

Hose  Pressure  Buoy  Attitude  Anchor  line  lo.nl  Battery  Condition  Pollution  Detection  Sampling. 

In  addition  the  link  can  also  be  used  for  remote  service  functions  such  as 

Operation  of  the  Manifold  Valves  Switching  of  hs|  Mom  System  Product  Flow  Hate 
For  hazardous  locations  UASttf  A certification  can  be  supplied  for  the  system 

To  meet  today  s design  needs  systems  are  available  for  use  both  on  CALM  buoys  and  single  anchor  leg  moorings  'SALMI 


CALMonitor 


SALMonitor 


A typical  system  consists  of  a swam  gauged  load  cell  and  a 
L'HF  radio  telemetry  link  which  transmits  encoded  signals  of 
the  load  cell  output  to  a shore  station  and  or  tanker 
The  Load  Cell  wh.ph  produces  an  eioctric.il  signal 
proportional  to  the  load  app^ed  can  e ther  he  of  the  m fme 
tensile  link  type  or  of  the  shear  pm  safety  In  genpr jl  the 
operator  would  be  advised  as  to  the  suitah  tv  of  each  ivpe  tor 
the  installation  but  the  shear  pm  arrangement  •*  usually 
preferred  because  of  its  compact  design  ami  low  weight 
which  enables  it  10  be  fitted  into  most  existing  mooring 
arrangements 

All  load  cells  are  proof  tested  to  1SVV  maximum  safe 
working  load  and  supplied  with  a Lloyds  certificate  of 
calibration 

The  On  Buoy  Unit  comprises  a power  supply  in  the  form  of 
a battery  pack  the  vze  of  which  is  d elated  bv  the  opeiabonai 
requirements  of  the  tmov  and  the  necessity  tor  a minimum  1 fe 
of  say  3 months  The  norma*  bdttenes  used  are  of  the  an 
depolarised  type  and  storage  of  the  batter  ,«<>  on  the  buoy  <s 
designed  to  meet  s.tVtv  standards  Also  located  within  the 
battery  enclosure  is  the  transmitter  rece  xer  und  vorp.'  at  ng 
the  encoder  modules  A small  omnujuevfionji  aerial  is  usually 
attached  to  a sv.-tab'e  structice  on  the  buoy 

The  Shore  Based  Receiver  processes  the  signals  from  trie 
buoy  which  a.e  then  disp.iyed  on  a stnp  chad  cecouie1  .nut  o 
meter  Also  included  m this  unit  are  trie  'egunevl  alann 
systems  The  cabinet  dimensions  are  d . tated  by  the  m.mher 
of  monitors  and  sery-ce  functions  reg  't-d  by  the  opera;.*' 

The  unit  can  be  supplied  either  m a tree  standing  cabinet  or 
tor  existing  racking*  and  is  designed  to  operate  from  the 
local  power  supply 

A Portable  Receiver  Unit  s available  for  the  moo'-ng 
master  to  take  on  board  the  tanker  Th-s  ung  contains  a meter 
for  the  indication  of  the  mooring  line  load  and  .s  a’so  fitted 
with  an  adiustab  e .Harm  syste  m Power  supply  for  th  s receiver 
unit  is  m the  for  n of  rechargeable  batter *es  and  trie  unit  s 
both  rugged  .md  sp'.ish  proof 

The  Operating  Fraguancy  normally  used  is  m the 
4b0  470  MHz  band  The  licence  is  obtained  from  the  local 
telecommunications  authority  b\  the  operator  and  any 
techmca1  assistance  required  to  obtain  this  can  tie  provided 
I he  mjiomv  of  the  on  buoy  power  >>  consumed  bv  the 
transmitter  units  and  to  conserve  battery  life  it  ■*»  advisable 
to  de  activate  the  syste  m when  not  m service  Three 
Battery  Con$orvatM>n  Switching  System*  jre 
available 

manual  requiring  personnel  to  board  the  buoy  low 
level  in  which  the  transmitter  is  de  activated  for  loads 
below  say  10%  of  trie  nom-nai  maximum  and 
remote  activa:  on  of  the  transmitter  from  the  shore  base 
Battery  Low  Voltage  Warning  is  .»»so  available  whrch 
automatic j"y  s.gna  s a p*e  vet  minimum  power  level  m the 
battery  pack  Th.s  level  would  normally  be  sufficiently  high 
to  enable  operations  to  continue  »or  some  time  prior  to 
replacing  the  batteries 


In  th.s  syste  m die  load  a*d  buoy  heel  angle  ’doimat'im  is 
transmitted  to  the  tanker  x a x 'de-w.ite  .i.owst-c  teiemetiy 
and  is  displayed  on  a reco’de  on  boa  • the  fa  *xe»  Am  alarm 
system  is  incorporated  wh  ch  % act  v.r.ed  whe*’  a pre  set  load 
level  or  nee'  angle  n exceeded 

The  buoy  >s  f tted  with  a load  cell  s ; iai  coi'iiilkme’  unit 
acoust  c te  emet  > transm.tte'  a 'b  an  i.  iinometer  a d whixh 
are  d**s  • >ed  ta  ope' ate  fu  v v b .:*d 
1 he  Load  Cell  for  this  type  o'  -nsia  at -on  i»  a spec  a 
designed  patented  shea*  pi  * w*  , i ‘..'gethe*  with  ts 
electronic  circuitry  a w jy%  >r  %ex  the  true  load  in  tNe 
mooring  ime  nespect  x e o*  t e bx-dv  ’'eel  angle  A 1 oad 
cells  a»e  proof  tested  to  1 hO  *mx  *v  m sjte  worki  g loao 
and  Suppi-ed  w th  j Lloyds  ce  i t. cate  of  cahb  abon 

T fie  On  Buoy  Electronic  Unit  . o * t ons  the  ..iput  s gnais 
from  t*ie  load  .e  l .mo  the  me  *omef-  a'd  generates  f’v 
acoustic  output  Theunt.s..  'ta  nee  wthm  a prottv  *.  xe  case 

which  is  dess'  'ed  to  comply  x\  th  v1  \ reguiatums 

L\he  e pos>  bn*  the  ex  s',  ng  ...  • * Power  oupply  w be 
used  Is,,  povser  requ  en*e'fs  \v  t*'  > sxsiei”  a-e  t.'x  at 
UX*  «00  m A v\he«e  adeouate  ,v»\r  ‘..pplies  a e not  jxa-i.iNe 
a Sunr  r’lei'f  i-y  batte-v  pack  a * be  supplied 

The  e :.i  s.is  a’*  Operating  Frequency  of  JVH;  with 


a direct  o ia  vansduce  bean'-*.1  tow.  *s  the  tanker  * *'e 
Aooustic  Transducer  s loc.i;  .1  x'<>  • t casing  of  the  tvoy  at 
a love1  u'  approx,  matey  30  metres  tv  ow  sea  ex  el  1h  s depth 
allows  a ease  'able  <nspe«. bo  • me  c e*  t *o<  a Pxe  without 
deco/i'p  • ess-on 

A Switching  System  \'r  t".»  e'e.f  ' ' c unit  and  u ••  1 'S 
xlesignu.'  to  CO  mm« ••  >.  e debus’  . Imv.  -'  xs  on  w he  » t be* t\  IS  a 
signj  ovate  tfi.in  that  expe.  ' •'  to  :»•  p'Oduced  t'v  "v  tidal 
d'.ig  on  the  unattached  moo»  'g  i.nes 

The  Tanker  Borne  exj..  pn*e  t .»'"•  ds  of  a 'o.  a \ 'I'payM 
hyd'ophone  receive'  decode  .co  u.  • ’wi  .i  vjie  xt 
The  Hydrophone  s dep'Ox  **  ' as  . use  to  the  bow  as 
Px'ss.b  e fix'  ” a px'rt.ihitf  .v*  x a v w »'x  h i. ' t whr  exi  die 
vesse  -s  on  the  moo»mg  The  * 'epix'yme*'t  s'*.'.  .1  be 

suffix 'ent  txi  ensure  that  th**  h\  «-,'ph.-  '•*  whu  »i  wii  t'*» 
t'.illasfed  tx'  reduce  st»ea  ’ nig  s jp,*  . x mate  y * met  es  below 
the  keel  xif  tanker 

The  Receiver  Decoder  Llnit  p*o.  esses  and  feeds  the 
sixjn.i  s f>om  the  buoy  tx>  the  p spipv  o * tf*e  strip  C'a  t e.  order 
a *ixl  o*  meter  Alsxi  mcibded  • * triis  unit  are  the  requ^exi  a atm 

systems 


•ng  and  ioa  ' »»n  is 
in  when  t Y'i\  ts  a 
lux  eg  by  fr'e  tidal 


All  systems  a*e  guaranteed  for  a period  from  the  date  of  installation  agamst  materials  and  workmanship  The  electronics  of  the 
system  a«e  designed  on  a modular  principle  sx>  that  component  failure  is  rectified  by  unit  repiaxfment  A comprehensive  after  sales 
service  is  available 

Operators  Will  have  varying  requirements  fx'r  buoy  load  monitors  and  systems  can  be  designed  with  vauous  options  to  suit  the  needs 
of  different  terminals  for  new  or  existing  installations 

The  use  of  buoy  load  modiltws  has  to  date  red  *o  substantial  improvements  m th*  utilization  of  the  buoy  during  marginal  weathei 
conditions 
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Mechanical 


Electrical 


Accuracy 


Safety  Approval 
I 


•Determined  by  cus 


TAFI.E  A-f> 

SPECIFICATIONS  K-"<  SMC  SENSORS 
TECHNICAL  DATA 

• 

Typical  working  load 
Lloyd  Frrof  test  load 
Theoretical  breaking  load 
Load  cell  material 

Weight  of  Shear  Fin 
Weight  of  Tensile  Link 

Strain  gauge  bridge  resistance 
Strain  gauge  supply  voltage 
Strain  gauge  supply  current 

Inaccuracy  due  to  combined 
effects  of  hysteresis,  non- 
linearity and  temperature 
between  10°  and  + 30°C 

For  use  in  hazardous  areas 
Tensile  Link  Load  Cell 

Shear  Pin  Load  Cell 


omer  requirements. 


500  tons 
750  tons 
?000  tens 

ENCty  heat  treated 
to  65  ton/sq.  in.  L'TS 
70  lbs.  (32  kg' 

13  cwt  (660  kg' 

700  ohms 
10  Vl'C 

1 ^ r.a 


Fetter  than  ‘lr 


FA  S E K FA  appro v e d 
to  SEA  3000 : 10  V 
FASEEEA  app roved 
to  ESt6S3:  part 
?:  1970 
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TAPI.E  A -3 

SPKCl  FT, 'AT  TONS  FOR  PRO  PUOY 
PNC P'O'^R  T'RANSU ITTFR 
T'r.CHN  I CAL  DATA 


Pi mo ns  ions 


Weight 


48"xp4"xp 4"  (includes  a IP  coll 
battery ) 

4 1 ' 0 lbs.  nnprox. 


Service 


F3  modulation:  single  frequency 


Frequency  Coverage 


4 SO- 4 70  MR.’ 


Power  Output 


0 watts-vortieal  r o 1 a r i rati on 


Temperature  Range 


■10°C  to  4S0°C 


Frequency  1 1 ab ill ty 


Not  more  than  P'ppm  within  the 
temperature  range  -10°C  to 
+ 4o°C 


C u r r e n t 0 on s ump t i on 


1 amr>  maximum 


Range 


-10  miles 


PA SEE FA  Safety  Conformity 


PS  468 8: Fart  8: 10 VO 
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TABLE  A -4 


TYPICAL  SPECIFICATIONS  BHC  ACOUSTIC  LINK 


Transmission  Techniques 


Frequency 


1.  Data  from  2 sets  ( redundant ) 
of  transducers  are  trans- 
mitted on  alternate  frame 
basis.  In  the  event  of 

one  system  failure  a 2:1 
reduction  in  data  rate 
will  occur. 

2.  Data  transmitted  once/ 
second  under  normal 
operational  conditions. 

3.  Pulse  modulation  of  a 
carrier.  Information 
carried  as  time 
separation  between 
pulses  of  differing 
frequences . 

kO  K 112  (transducer  will  be 

moderately  directional) 


Signal  Corruption  Overall  system  errors  on  any 

channel  due  to  signal  corruption 
provide  better  than  80'.'  data 
recovery  in  any  one  minute 
period  under  the  following 
conditions: 


a.  Wind  speed  up  to  33  Knots 

b.  Noise  levels  within  the 
frequency  bands  used  may 
be  up  to  20  dB  above 
normal  ambient 

c.  Tidal  and  wind  driven 
current  velocity  at  depths 
greater  than  two  meters 
shall  not  exceed  1.2  knots. 
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TABLE  A-5  TYPICAL  CRT  OUTPUT  FROM  INTERSTATE 
ELECTRONICS  DATA  PROCESSING  SYSTEM 


STATISTICS  SUMMARY  DAY  157/1977  FROM  1530  TO  1600 


C3 

SENSOR 

UNITS 

AVERAGE 

MAX  1/TIME 

MAX  2 /TOME 

MAX  3/TIME 

1 

WAVES 

FEET 

13.5 

23.9/1539 

23. 4/1523 

26.5/1531 

2 

WIND 

mph 

34.2 

53.4/1535 

53.0/1539 

45.2/1533 

3 

WIND 

DEG 

51.3 

52.7/1535 

55.9/1539 

57.6/1530 

4 

AIR  T 

DEGF 

26.1 

29.5/1553 

27.2/1542 

27.1/1543 

5 

HUMID 

% REL 

49.9 

51.5/1555 

51.1/1554 

50.0/1544 

6 

BARO  P 

M3AES 

995.3 

999.1/1530 

993.9/1543 

997.5/1548 

7 

HEAVE 

FEET 

3.7 

1.3/1523 

0.7/1533 

3.6/1539 

8 

SURGE 

FEET 

2.6 

3.5/1537 

3.0/1530 

2.9/1534 

9 

SWAY 

FEET 

1.3 

2.7/1533 

2.1/1531 

1.8/1534 

10 

ROLL 

DEG 

0.6 

1.7/1535 

1.7/1520 

1.6/1532 

11 

PITCH 

DEG 

0.3 

3.3/1537 

0.6/1555 

3.6/1543 

12 

CJFENT 

KNOTS 

0.1 

3.4/15.8 

0.2/1544 

3.2/1559 

13 

CUETNT 

DEG 

33.9 

46.7/1548 

33.3/1544 

27.6/1559 

14 

PCS  'N 

%DPTH 

0.9 

1.9/1544 

1.3/1543 

1.2/1553 

15 

PCS  'N 

DEG 

343.3 

349.6/1544 

338.0/1543 

341.1/1553 

16 

RISER 

DEG 

0.5 

0.9/1544 

3.7/1543 

0.6/1531 

17 

RISER 

DEG  AZ 

329.6 

335.4/1544 

333.2/1543 

323.0/1531 

18 

LINE-1 

KIPS 

337.6 

345 .2/1538 

343.8/1539 

339.6/1548 

19 

LINE-2 

KIPS 

250.3 

257.6/1543 

259.9/1555 

253 . 6/1553 

20 

LINE- 3 

KIPS 

129.7 

155. S/1533 

149.7/1552 

138.3/1532 

21 

LINE-4 

KIPS 

186.4 

236.3/1542 

230.3/1549 

193.2/1542 

22 

LINE-5 

KIPS 

233.3 

225.6/1544 

219.7/1531 

211.1/1555 

23 

LINE-o 

KIPS 

135.6 

148.7/1549 

144.4/1523 

133.6/1542 

24 

LINE-7 

SIPS 

253.1 

290.4/1557 

236.2/1531 

280. 0/1549 

25 

LINE-3 

KIPS 

167.7 

199.3/1543 

1SS. 2/1532 

173.8/1541 

26 

LINE-9 

KIPS 

223.9 

256.1/1543 

244.2/1539 

230.3/1537 

27 

LINE 10 

KIPS 

203.1 

222.2/1547 

217.3/1541 

210.6/1536 

28 

LINEll 

KIPS 

133.7 

144.4/1548 

143.5/1533 

142.4/1537 

29 

LINE12 

KIPS 

174.4 

139.3/1538 

186.3/1541 

180.2/1555 

BEAD'G:  135  MAQJ.  VAR:  14  DEPTH:  600  DRAFT:  80  WAVE  DIR:  E 
SITE  NT:  A34  LOCATION:  SUE  CHANNEL  ODER:  J.  JONES 


This  report  presents  averages,  maximums  and  their  times  of  occurrence  for 
half  hour  statistics  interval. 


TABLE  A -6 


U.S.  COMPANIES  WHO  SUPPLY  LOAD  CELLS,  CABLE 
TENSION  MEASURING  EQUIPMENT  ETC.  FOR  MARINE 
USE  BUT  NOT,  TO  DATE,  FOR  DWP  USE 


C OMPANY/LCCAT ION 

Bendlx  Corp.,  Environ rental 
and  Process  Instruments  Div. 
Baltimore,  Maryland 


BLH  Electronics,  Inc. 
Waltham,  Massachusetts 

Dillon  W.C.  and  Co.,  Inc. 
Van  Nuys,  California 


ENDECO 

Marlon,  Massachusetts 


EirERPAC  Div.,  Applied  Power 
Ind.  Inc. 

Butler,  Wisconsin 

ENSS3  Research  and  Development  Co. 
Westwood,  New  Jersey 

ENVIROMARINE 

Laure 1 , Maryland 


Lucker  Manufacturing  Co. 

King  of  Prussia,  Pennsylvania 


Martin  Decker  Co. 

Santa  Ana,  California 


Schaevltz  Engineering 
Pennsauken,  New  Jersey 


EQUIPMENT  OR  SERVICE 


Environmental  Instruments.  Also 
have  supplied  instrumentation  and 
data  acquisition  to  wcr*  with 
another  manufacturers  load  cell 
for  use  on  offshore  drilling  rig. 

Strain  gages,  load  cells,  trans- 
ducers and  instrumentation. 

Load  cells  of  various  types,  such 
as  tensile  links,  hoc/.;,  /hac/.les 
and  pins.  Also  a running  line 
tensiometer. 

Underwater  acoustic  transponders 
and  telemeters.  They  have  built 
a special  lead  cell  ir.tc  an 
anchor  chair,  for  100,100  lb. 

loads . 

Hydraulic  equipment  and  tools  for 
industry.  Also  load  cells. 

Special  made  meters  for  1-1 '2  in. 
wire  cable.  Measure  tension, 
speed  and  travel. 

Marine  Systems  Engineers.  Have 
made  a load  cell  to  measure  lead 
in  towing  cable  for  ocean  bottom 
sled  (10,000  ft. ) 

Wire  rope  jacking  and  pulling 
systems.  Cable  grips,  wire 
rope  proof  testing  equipment. 
Hydraulic  power  units  with 
gages. 

Wire  line  tensiometers,  system  for 
wire  rope  mooring  lines.  Tension 
and  compression  hydraulic  load  cells 
Hydraulic  crane  scales. 

Load  cells  and  transducers  for  force 
tension  and  stress.  Make  LVDT  trans 
ducers.  Have  ma.de  system  for  use  in 
water  in  test  laboratories. 


STRAINSERT  Load  Cells:  Shear  pins,  tension 

West  Conshohocken,  Pennsylvania  links  and  strain  gaged  screw  and 

bolts.  Have  made  system  for  dry 
dock  elevator.  The  shear  pin  is 
similar  to  Stralnstall  unit  but 
gages  are  inside  the  pin. 


TABLE  A -7  A T YI'ICAl  ACOUSTIC  1 1 1 l MU  IK 


AMF  Sea-Link  Underwater 
Acoustic  Telemeters 

Remote  monitoring  of  deep-sea  data  without  electrical  cables. 


the*  \\U  s<*a  link  multi  x hannrl 
a*  otistn  te’irmrtri  Model  *10  V gixrs 

I t HI  t 1 ' Hit  M I N shipho.llil  MIlTIllll'tlITjl  «*l 

l,  tin  I'inicisr.u  t omlitiotiN  .mil  .it  tin* 
s.imr  turn*  irpoits  tin*  iM  lllM'iu  (•  ot 
llm  I M p.li.Hc*  ru*M(s  .ill  Without 
rlet  t it  ,tl  i ahlrs  1 hr  \t  cuistu  I ole 

m,  i.  has  ihr  .nix antage  ot  pioxuinig 
nr. i r.\l  time*  mloimatnni  on  undei 
w •*,  experiment  . r\i*n  while*  l««wc*i 

i i * v • .u-  nr,  ot  toxxmg  in  taking  pl.u  e 

lu  . . .ip.ihilits  c-Innin.iti'N  tin*  m*c*cl  It* 

ji-., • ,i s *..*!  i,n r d insti  uinrnts  tc*i 
thro  mg  .iml  tlrtrc  In  malhiht  turns 
iipimi’i  li.itc'h 


Ux  * .*f  fin*  1 1 *1  < *itn*f r f s tc»uf  than 
n < • I n *o  malix  .hi*  iiNril  tt»  give  it  the* 
It  it  ap.n  i{\  !.*  Ni*nsr  .mil  IuhnihiI 
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- A 200  TON  STRAIN  GAGED 
TENSILE  LOAD  CEIL  FOR  SPM 
IOAD  MONITORING  ( SOURCE 
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FIGURE  A-3  - SPM  MOORING  LOAD  CELL  FOR  INSTALLATION  ON 

BUOY  BEARING  MEMBER  ( Source  Automatic  Power  Inc.) 
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APPENDIX  B 


DEFINITION  AND  DESCRIPTION  OF  TRANSDUCERS 

The  IEEE  Standard  Dictionary  of  Electrical  and  Electronic 
Terms  (IEEE  Std . 100-1972:  ANSI  C42 . 100-1972 ) defines  transducers 
as  "a  device  by  means  of  which  energy  can  flow  from  cue  or  more 
trans-miss  ion  systems  or  media  to  one  or  more  other  transmission 
systems  or  media."  Selecting  a transducer  for  a giv  u application 
can  be  very  difficult  because  generally  there  are  many  transducers 
which  can  sense  a given  variable  and  every  transducer  can  generally 
sense  several  variables.  For  purposes  of  this  study,  transducers 
are  segregated  into  five  basic  types  (Truxall,  1958'.  These  types 
are : 

1.  Magnetic  Field 

2.  Electric  Field 

3.  Variable  Resistance 

4.  Bulk  Effects  such  as  Magnetostrie t ive 
and  Piezoelectric. 

5*  Miscellaneous,  such  as  control  of 
oscillators,  mechanical  responses 
and  media  changes  which  produce  phase 
changes,  etc. 

in  a basic  transducer  the  change  from  mechanical  input  to  electri- 
cal output,  is  accomplished  directly.  Displacement.,  f r example, 
can  be  measured  directly  by  a number  of  different  transducers.  A 
potentiometer  converts  the  displacement  of  a sliding  ’ontaet  dir- 
ectly into  a variable  resistance.  The  relative  displacement  of 
two  parallel  plates  can  convert  directly  into  a chang  in  capaci- 
tance (electric  field).  In  a differential  transformer  the  dis- 
placement of  a magnetic  core  (magnetic  field'  is  converted  into  a 
differential  voltage. 


Many  quantities  such  as  acceleration  and  force  often  are 
measured  Indirectly  by  employing  displacement  transducers  with 
auxiliary  masses,  springs,  levers,  etc.  Such  devices  generally 
can  be  calibrated  to  provide  accuracies  equal  to  direct  measuring 
transducers.  F.ach  of  the  transducer  types  listed  above  are 
discussed  with  examples  of  applications  . 

The  magnetic-field  class  of  transducers  Includes  those 
devices  in  which  a magnetic  field  is  modified  by  a mechanical 
input  to  produce  an  electrical  output.  Some  typical  examples 
are  variable  transformers , variable  reluctance  devices,  self- 
generating devices  and  devices  which  depend  on  the  nonlienar 
properties  of  the  magnetic  materials. 

In  this  class  of  transducers  the  voltages  are  produced  by 
magnetic  induction.  The  steady-state  voltages  may  be  expressed 
as : 

E = - N 

dt 

where  E is  voltage,  N is  the  number  of  conductors  and  — 1 is  the 
rate  of  change  of  flux.  If  the  moving  element  has  a significant 
velocity,  a velocity  dependent  voltage  component  will  be 
induced  which  can  be  appreciable. 

In  a variable  transformer  the  primary  field  remains 
essentially  constant  while  the  coupling  into  the  secondary  wind- 
ing is  varied.  In  variable  reluctance  devices  the  field  varies 
due  to  changes  in  the  magnetic  circuit. 

Se If- generating  devices  employ  a mechanically  driven  part, 
such  as  a coil,  which  produces  a variation  of  the  flux  linking 
the  output  coil. 

Finally  nonlinear  devices  can  use  the  nonlinear  magnet  I ration 
curve  of  ferrous  materials.  A superimposed  biasing  field  controls 
the  operating  point  along  the  magnetisation  curve.  This  produces 
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harmonics  of  the  fundamental  excitation  voltage.  Another  method 
is  to  use  the  saturating  characteristics  of  square  loop  cores  in 
much  the  same  manner  as  a saturable  reactor.  However,  in  a 
transducer'  the  d.c.  flux  is  varied  mechanically  rather  than 
e lectrically . 

Electric-field  transducers  generally  take  die  form  of  a 
variable  capacitor.  Mechanical  motions  may  either  vary  the  area 
of  or  the  spacing  between  capacitor  plates.  In  some  transducers, 
such  as  fluid  level  sensors,  the  dielectric  medium  changes  to 
produce  the  capacitance  change.  It  is  possible  with  very  high 
impedance  amplifiers  to  use  the  voltage  gradient  directly  to 
ascertain  the  spacing  between  two  electrodes.  This  technique 
has  been  used,  by  measuring  the  gradient  in  the  earth’s  atmos- 
phere, to  make  an  autopilot  for  model  airp lanes. 

The  most  common  variable  resistance  transducers . are  poten- 
tiometers, strain  gages  and  temperature  sensitive  resistance 
elements.  Potentiometers  are  resistance  elements  that  have  an 
electrical  tap  which  can  be  positioned  anywhere  along  the  ele- 
ment. The  resistance  element  can  be  configured  for  rotary  or 
rectilinear  motion  and  can  vary  linearly  with  displacement  or 
describe  an  arbitrary  function.  Wirewound  potentiometers  vary 
in  discrete  steps  whereas  ceramic  and  metal  film  devices  have 
continuous  elements. 

Strain  gage  refers  to  the  class  of  resistance  transducers 
which  produce  a change  of  resistance  in  response  to  deformation 
of  the  sensing  element  due  to  longitudinal  strains.  Strain  gage 
elements  are  generally  wire,  metal  film  and  semiconductors.  Wire 
and  metal  film  materials  arc  usually  from  the  same  class  as  those 
employed  In  potent lometers  . Semi  conductor  gages  make  use  of  the 
piecores lstivity  properties  of  the  material.  Their  major  ad- 
vantage Is  that  very  high  gage  factors  ( AR/R^ ) Is  possible. 
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This  means  that  much  higher  output  voltage  per  unit  strain  are 
possible.  Advances  in  the  technology  of  gage  manufacture, 
mounting  and  temperature  compensation  have  produced  devices 
that  are  very  sensitive,  accurate  and  reliable  in  all  types  of 
environments . 

Although  temperature  sensitive  resistance  elements  are  not 
electromechanical  transducers,  they  are  discussed  here  because 
a rope  that  is  cycled  in  tension  produces  heat.  The  resultant 
temperature  rise  could  possibly  be  measured  and  related  to  load. 

The  three  types  of  temperature  transducers  most  commonly  used  are 
thermocouples , wire  elements  and  thermistors.  Thermocouples  are 
not  resistive  but  provide  a voltage  proportional  to  the  tempera- 
ture difference  across  the  junction. 

Of  the  metals  which  could  be  -used  for  temperature-sensitive 
resistors,  platinum  is  the  best.  It  has  a well-defined  resistance 
vs.  temperature  relationship.  The  tempera ture-resi stance  relation- 
ship of  metals  is  usually  defined  as 

R - R ( 1 + Ax  T + As  T2  + AoT3  + + A Tn ) 

o v n 

where  R i.s  the  resistance  at  temperature  T degrees  centigrade 

(c),  Rq  is  the  resistance  at  0°C,  and  Ai  , A2 , etc.  are  constants. 

The  first  two  constants  are  sufficient  to  describe  the  properties 

of  platinum  but  three  are  required  for  copper,  nickel  and  other 

metals.  Platinum  also  is  the  most  stable  temperature-measuring 

device  in  the  range  from  -100°C  to  660°C.  Finally,  it  resists 

contamination . 

Two  well-known  bulk  effects  that  can  be  used  to  make  trans- 
ducers are  magnetostrictive  and  piezoelectric.  When  a magnetic 
field  is  applied  to  a ferromagnetic  body,  it  becomes  longitudin- 
ally strained.  This  is  called  the  Joule  effect.  Conversely, 
when  a longitudinal  stress  is  applied  to  a magnetized  bar,  its 
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magnetic  induction  is  changed  (Van  Dor  Ziel,  1957)-  This  is 
knwon  as  the  Villari  effect.  This  effect  is  difficult  to  use  in 
a transducer  because  nonlinearities  are  large  and  comples,  and 
temperature  dependence  also  is  great. 


In  certain  materials  there  is  a similar  effect  where  the 
coupling  is  between  the  mechanical  stress  and  the  electric  field. 
Thi.  is  called  the  Piezoelectric  effect.  The  equations  relating 
mechanical  stress  and  electric  field  are  similar  in  form  to  those 
relating  stress  and  magnetic  field  in  magnetos  tractive  devices 
vVan  Per  dial,  1957).  The  piezoelectric  effect  is  not  very- 
useful  for  displacement  transducers  because  the  forces  associated 
with  the  motion  must  be  large  compared  to  the  forces  required  for 


deformation  of  the  crystal.  It  is  used,  however. 


pressure 


transducers,  accelerometers,  etc.  The  chief  advantage  of  these 
transducers  is  their  high  natural  frequencies.  The  chief  dis- 
advantage is  a rather  high  temperature  sensitivity. 


go  many  transducers  have  been  built  that  it  would  be  vir- 
tually Impossible  to  list  and  classify  them  all.  The  above 
paragraphs  describe  some  of  the  basic  physical  effects  which 
have  been  used  to  make  electromechanical  transducers.  It  is  also 
possible  to  use  these  effects  indirectly.  For  example,  a varying 
magnetic  field,  which  might  be  mechanically  controlled,  could  be 
applied  to  a magneto- resistive  material  t.o  produce  a varying 
resistance.  Resistive,  capactive  and  inductive  transducers  all 
are  often  used  to  control  the  frequency  of  an  oscillator. 
Frequency  modulation  is  very  useful  when  the  transduced  signal 
must  be  t. rans^itted  over  a large  distance  by  cable,  radio  or 
other  means. 


It  is 
mechanical 
Another  Is 


possible  to 
input . One 
a taut  wire 


control  an  oscillator  directly  by  a 
example  is  a plunger  in  a resonant  cavity, 
in  a transverse  field.  The  wire,  with  a 
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suitable  negative  resistance  connected  across  it,  vibrates  at 
its  natural  frequency  which  can  be  varied  by  varying  the  tension. 

Finally,  the  transmission  media  for  radio,  light  or  sound 
waves  may  be  changed  to  produce  frequency  or  phase  changes  . 

Path  length  changes  result  in  phase  shifts  while  velocity 
changes  produce  the  well-known  doppler  frequency  shift. 
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APPENDIX  C 

CHARACTERISTICS  OF  WARNING  DEVICES 

————————————————— 

There  now  exists  considerable  data  on  the  effectiveness  of 
various  aural  and  visual  devices  for  warning  and  for  transmitting 
information  to  human  operators.  These  data  are  briefly  summarized 
in  the  text.  It  is  useful,  however,  to  address  warning  device 
effectiveness  in  more  detail,  as  each  situation  presents  unique 
conditions  which  can  affect  warning  device  performance. 

C . 1 VISUAL  DEVICES 

Table  0-1  (from  McCormick,  1976)  provides  a summary  of 
principal  factors  influencing  the  effectiveness  of  visual  de- 

I 

vices.  Table  C-2,  from  the  same  reference,  provides  a summary 
and  evaluation  of  various  visual  coding  methods.  It  can  be  seen 
from  Table  C-2  that  it  is  possible  to  provide  differentiable 
messages  with  all  types  of  devices,  but  that  graphic  displays 
can  provide  more  precise  differentiation  than  can  lights.  Of 
particular  note,  are  the  potential  problems  with  color  displays 
for  certain  illumination  conditions  or  for  persons  with  color 
vision  handicaps. 

Figure  C-l  .from  Hemingway  and  Erickson,  1959)  shows  the 
effectiveness  of  CRT  alphanumeric  displays  as  a function  of 
symbol  size  and  scan  size.  The  symbol  size  is  measured  by 
angular  substence  or  size  of  the  visual  angle,  which  depends  on 
physical  symbol  size  and  distance  of  the  viewer  from  the  dis- 
play. There  is  a trade-off  between  number  of  scan  lines  per 
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•r-mbv  1 and  symbol  size,  as  the  number  of  scan  lines  on  a given 
i.  play  is  fixed.  It  is  concluded  (Hemingway  and  Erickson,  1969)* 
that  it  is  desirable  to  provide  8 or  more  scan  lines  per  symbol 
unless  symbols  are  quite  large.  For  larger  symbols,  6 to  7 scan 
Lines  per  symbol  is  satisfactory . For  a viewer-to-display 
distance  of  three  feet,  a 12  minute  arc  (required  for  95  percent 
accuracy  with  eight  scan  lines)  represents  a one-eighth  inch 
symbol  size. 

C .2  AURAL  OR  AUDITORY  DEVICES 

Table  C-3,  (based  primarily  on  a table  from  Deatherage, 
1972),  presents  desirable  characteristics  of  aural  warning  sig- 
nals. Table  C-4  from  that  same  reference  presents  characteristics 
and  features  of  a number  of  aui'al  warning  devices.  Of  particular 
interest  in  Table  C-U  are  the  attention-getting  and  noise-pene- 
tration abilities  of  various  devices. 
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TABLE  C-l 


FACTORS  INFLUENCING  THE 
EFFECTIVENESS  OF  VISUAL  DEVICES 
(FROM  MCCORMICK,  1976) 


Color  - f T.i  .-tits  - A no  the 
ness  cf  signal  lights  is 
t ion  of  the  effectivenes 
et  a 1 . report  the  follow 


r factor  that  is  related  to 
color.  Using  response  time 
s of  four  different  colors, 
ing  order  (from  fastest  to  s 


the  effective- 
as  an  indica- 
Reynolds, 
lowest):  red, 


green,  yellow,  and  white.  However,  the  background  color  and 
ambient  illumination  can  interact  to  influence  the  ability  of 
people  to  detect  and  respond  to  lights  o*'  different  colors  . In 
general,  the  researchers  found  that  if  a signal  has  good  bright- 
ness contrast  against  a dark  background,  and  if  the  absolute 
level  of  brightness  of  the  signal  is  high,  the  color  of  the  sig- 
nal is  of  minimal  importance  in  attracting  attention.  But  with 
low  s igna 1- t. -background  brightness  contrast,  a red  signal  has  a 
marked  advantage,  followed  by  green,  yellow,  and  white  in  that 


order . 


Flash  Rate  of  'io-hts  - In  the  case  of  flashing  li 
rats  sr.culs.  be  wu  II  below  that  at  which  a flashir. 
as  a steady  light  (the  flicker-fusion  frequency  , 
mate iy  -C  times  per  seesnd.  In  this  regard,  rate 


fits,  the  flash 
light  appears 

v: o i ^ h 1 £ aurrox i - 

cf  about  3 to 


1C  per  second  vwith  duration  of  at  least  0.05  s have  been 
reeoms'e.n  ied  for  attracting  attention.  Woodson,  Conover,  and 
Markow itc  mate  the  rsir.t  that  the  range  of  60-1TD  flashes  ner 
minute  ,1  to  C s , as  .now  used  on  highways  and  in  flyways,  appears 
to  be  compatible  with  human  discrimination  capabilities  and 


available  hardware  constraints. 


?tt-.s:vimd  ■ f ' d.  -thts  - As  might  be  expected,  signal  lights  cannot 
be  di scrim! n.atsd  well  when  other  background  lights  are  somewhat 
similar.  Traffic  lights  in  areas  with  neon  signs  and  Christmas 
tree  lights  represent  very  serious  deviations  from  this  principle.) 
And  still  another  background  characteristic  relates  to  the  steady 
versus  flashing  state  of  any  background  lights.  In  an  inter- 
esting. invc s tigation  of  these,  Crawford  used  both  steady  and 
flashing  signal  lights  against  background  or  irrelevant  lights 
(what  we  might  call  noise  , these  being  all  steady,  all  flashing, 
or  some  admixture  of  steady  and  flashing  lights.  Very  briefly, 
his  results  Indicated  that  the  average  time  to  identify  the  sig- 
nal lights  was  minimal  when  the  background  noise  lights  were  all 
steady  (this  was  especially  so  when  the  signal  light  was  itself 
flashing  ; that  the  advantage  of  a flashing  signal  light  (con- 
trasted with  a steady  light)  was  completely  lost  if  even  one 
background-noise  light  was  flashing;  and  that  steady  signals  were 
more  effective  (could  be  Identified  more  quickly)  than  flashing 
signals  if  the  proportion  of  the  noise  lights  that  were  flashing 
was  any  greater  than  1 out  of  10.  In  other  words,  flashing 
lights  against  other  flashing  lights  really  make  life  difficult 
for  the  viewer. 
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TABLE  C-2 


SUMMARY  OF  VARIOUS  VISUAL 
CODING  METHODS  FROM  (MCCORMICK,  1976 ) 


Alphanumeric 


I 


I 


Color  (of 
surfaces ) 


Single  numerals,  10*,  single  letters,  Co, 
combinations,  unlimited.  Good,  especially 
useful  for  ident if icat ion , uses  little 
space  if  there  is  good  contrast.  Certain 
items  easily  confused  with  each  ether. 

Hues,  9 hue,  saturation,  and  brightness 
combinations,  21;  or  more.  Preferable 
limit  9.  Particularly  good  for  searching 
and  counting  tasks,  poorer  for  identifi- 
cation tasks.  A f fectod  's~. ' . ' . : 

problem  with  color-.i-  ••  •••■  -o':  - r :'ht: 


Color  (of 
lights ) 

Geometric  Shanes 


individuals 


10,  Preferable  limit 
required , 


t.i:-: 


Good  for  qua  1 it at iv- 


Angle  of 

Inclination 


Size  of  Forms 


15  or  more.  Preferable  limit  n.  Generally 
useful  coding  system,  particularly  in 
symbolic  representation,  -sod  for  CRT's. 
Shapes  used  .together  need  to  bs  liscrimin- 
able,  some  sets  of  shapes  more  difficult 
to  discriminate  than  others. 

24.  Preferable  limit  12.  Generally  satis- 
factory for  special  purposes  such  as 
indicating  direction,  angle,  or  position  on 
round  instruments  like  clocks.  CRTs,  etc. 


5 or  6 . Preferable  limit  ?.  Takes  consider 
(such  as  squares)  able  space.  Use  only  when  specifically 
appropriate . 


Visual  Number 


6.  Preferable  limit  Use  only  when 

specifically  appropriate,  such  as  to 
represent  numbers  of  items.  Takes  consider- 
able space,  may  be  confused  eith  other 

symbols . 

3-4.  Preferable  limit  2.  Use  only  when 
specifically  appropriate.  Weaker  signal. 

may  be  masked. 

Preferable  limit  2.  Limited  applicability 
If  receiver  needs  to  differentiate  flash 
rates.  Flashing  lights,  however,  have 
possible  use  in  combination  with  controlled 
time  intervals  (ns  with  lighthouse  signals 
and  naval  communications)  or  to  attract 
attention  to  specific  areas. 


•(Numbers  refer  to  number  of  levels  which  can  be  discriminated 
on  an  absolute  basis  under  optimum  conditions.) 
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Brightness  of 
Lights 


Flash  Rate  of 
Lights 


TABLE  C-3 


llES  1 HABLE  CHARACTER  I ST  1 Cl'.  OF  AURAL 
WARNING  SIGNALS  ('FROM  DEATHEHAGE,  1972) 

o Use  frequencies  between  200  and  5 00  II:’.,  and  preferably 
between  900  and  ROOO  Hr.,  because  the  ear  is  most,  sensi- 
tive to  this  middle  range. 

o Use  frequencies  below  1000  Hr  when  signals  have  to  travel 
long  distance;;  (over  1000  ft),  because  high  frequencies 
do  not  travel  as  far. 


o Use  frequencies  below  500  Hr,  when  signals  have  to  "bend 
around"  major  obstacles  or  pass  through  partitions. 


Use  a modulated  signal  (1  to 
warbling  sounds  varying  from 
since  it.  is  llfferent.  enough 
demand  at ( ent Ion . 


8 beeps  per  se-ond  or 
1 to  ' times  per  second), 
from  normal  sounds  to 


Use  signals  with  frequencies  different  from  those  that 
dominate  any  background  noise,  to  minimise  masking. 


o Preferably  use  high- Intensity  sudden-onset  signals  to 
alert  receiver.  Where  earphones  are  used,  consider 
d idiotic  presentation  ^alternating  signal  from  one  ear 
to  the  other). 


o If  different  warning  signals  are  used  to  represent 
different  eond i t 1 ons . each  should  be  disorlminable 
from  the  others. 


o 


Where  feasible,  use  a separate  communication  s 


for  warning 
devices  not 


, such  as  loudspeakers,  horns, 
used  for  other  purposes. 


or 


ys  torn 
other 


TABLE  C-U 


CHARACTERISTICS  AND  FEATURES  OF  AUFAL 
WARNING  DEVICES  (FROM  DEATHERAGF,  1972) 


Alarm 

Intensity 

Frequency 

Attention- 

Getting 

Ability 

Noise-Penetration  Ability 

Horn 

High 

Low  to 

High 

Good 

Good 

Whistle 

High 

Low  to 

High 

Good  if  in- 
termittent 

Good  if  frequency  is  properly 
chosen . 

Siren 

High 

Low  to 

High 

Very  good  if 
pitch  rises 
and  falls 

Very  good  with  rising  and 
falling  frequency. 

Bell 

Medium 

Medium  to 
High 

Good 

Good  in  low  frequency  noise. 

Buzzer 

Low  to 
Medium 

Low  to 
Medium 

Good 

Fair  if  spectrum  is  suited  to 
background  noise. 

PERCENT  ACCURACY 

V ?5< 


J 1 L L 1 L-  1 I 1 

2 4 6 8 10  12  14  1 6 18 

SIZE  OF  SYMBOLS  ( ANGULAR  SUBTENSE,  MINUTES  OF  ARC) 

FIGURE  C-l  - VARIATION  OF  IDENTIFICATION  ACCLIRACY  WITH  NUMBER 
OF  SCAN  LINES  AND  SIZE  OF  ALPHANUMERIC  AND 
GEOMETRIC  SYMBOLS  - FROM  ( HEMINGW  AY  AND 
ERICKSON  . 1969) 


APrKNPlX  D 

I'M'.'IKK'Al,  KKTHPPS  FOR  f HORT-TKRM 
RRlinidT  iOKS  OK  IlAWSKR  ROADS 


In  this  section  empirical  techniques  for  predicting 
maximum  hawser  loads  based  on  recent  measured  values  of  hawser 
tension,  wave  height  and  wind  speed  are  discussed.  These 
prediction  methods  consist  of  two  basic  parts ; the  evaluation 
of  statistical  parameters  which  characterize  the  measured  data, 
and  the  prediction  of  the  expected  maximum  hawser  tension  using 
the se  pa same te rs . 

It  is  assumed  that  the  following  information  is  measured 
and  available  at  all  times: 

1.  Instantaneous  wind  direction  and  velocity. 

; 

Instantaneous  wave  height,  period  and  direction. 

3.  Average  current  direction  and  speed. 

Measured  hawser  tension. 

In  addition,  it  is  assumed  that  a one  hour  forecast  of  wind 
speed  and  direction,  significant  wave  height,  wave  period  and 
wave  direction  are  available  (see  Section  o.?  and  Appendix  P). 

D . 1 PKTKKK ! NAT i ON  OK  STATIST  IKS  OP  MKASUKKP  VA DUKS 

The  measured  wind,  wave  and  hawser  tension  data  must  be 
reduced  to  an  easily  interpreted  form  using  only  a small  com- 
puting capability.  The  computing  requirements  depend  on  the 
frequency  range  of  interest  and  the  requirements  of  the  hawser 
tension  prediet  ion  procedures.  The  prediction  procedures  of 
Section  D.P  require  only  the  determination  of  the  significant 
wave  height  and  wave  period,  hawser  tension,  wind  speed,  and 
mean  current  speed.  Straightforward  averaging  techniques  will 
provide  good  estimates  of  the  mean  current  speed;  however,  the 


-D.  1- 


I „ll III  l jk;.jpui..  I..J 


remaining  values  require  further  analysis. 

Integrals  of  the  energy  spectra  of  the  appropriate  variable 
such  as  wind  speed,  wave  height  or  hawser  tension  provide  values 
for  the  significant  heights  and  periods.  However,  computation 
of  energy  spectra  requires  the  numerical  evaluation  of  tin' 
Fourier  transform  of  the  autocorrelation  function  of  the  data. 
This  calculation  requires  the  storage  of  a sufficiently  large 
number  of  samples  to  permit  accurate  evaluation  of  the  auto- 
correlation function  at  low  frequencies.  In  addition,  an  energy 
spectra  may  not  be  the  most  easily  interpreted  representation 
of  the  data.  A straightforward  tabulation  of  the  peak  values  an 
periods  occurring  in  a given  time  series  is  easier  to  compute 
and  provides  as  much  useful  information. 


A procedure  similar  to  the  one  described  be  lew  may  1\  us 'd 
to  analyze  wave,  wind  or  hawser  data.  We  assume  X ( t ' is  the 
Instantaneous  value  of  data  being  analysed.  The  mean  X v t ' -an 
be  calculated  either  by  a continuous  method 


X(t  ) = X ( t ^ 1 - r 1 +-  rX  1 1 . ) 

' n ' n v 'n-1 

where  X(t^  ) is  the  mean  value  at  the  previous  time  step  and 

where  r is  a constant  which  governs  how  quickly  the  mean,  will 

respond  to  changes  in  the  environment , or  by  a batch  process 

N 

1 


X<V  N 


\ 


X(t  , 1 
' n-1 


where  N would  determine  how  quickly  the  mean  would  respond  to 
the  environment.  In  both  eases  the  lowest  frequency  with  a 
significant  amount  of  energy  determines  the  minimum  N or  r . 


Peak  and  trough  values  are  defined  as  the  maximum  and 
minimum  values  between  two  up  crossings  of  the  i nstantanoous 
value  past  the  mean  value.  The  time  between  two  up  crossings 


'i 


I 
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of  the  mean  ts  the  period.  At  each  upcrossing  of  the  mean  value 
the  period  and  height  ( | peak  j + J trough)  ) is  recorded.  The 
range  of  heights  can  be  stratified  into  discrete  levels  ana  the 
number  of  occurrences  of  a wave  height  and  average  period  of 
each  level  recorded.  In  addition,  the  wave  height  squared  is 
also  accumulated  for  each  level  of  period  to  provide  wave  energy- 
distribution . After  an  appropriate  number  of  mean  up  crossings 
the  results  can  be  stored  and/or  printed  out  and  the  process 
repeated.  The  total  energy,  standard  deviation  and  average  of 
the  one-third  highest  values  may  be  easily  computed. 

The  time  intervals  between  samples  is  a function  of  the 
shortest,  periods  of  interest.  The  number  of  samples  over  which 
data  must  be  summed  to  obtain  good  estimates  of  statistical 
parameters  is  a function  of  the  longest  periods  evident  in  ■ e 
data.  The  length  of  time  between  samples  should  be  about  or.;  t 
five  seconds  for  surface  waves  and  wind  speed.  Th  •'  maximum  wave 
period  of  interest  is  about  30  sec.  The  maximum  wind  gust 
period  is  about  150  sec.  The  latter  implies  that  stati  tieally 
valid  variables  can  thus  be  determined  every  10-lb  minut-s. 

The  hawser  tension  has  several  distinct  frequency  ranges. 

The  lowest  range  (periods  of  500-1000  secs')  is  assoc  iat  d with 
the  unstable  yaw  motion  of  the  tanker  and  has  the  largest  am  11- 
tude . The  pitch,  heave  and  yawing  motions  induced  by  first 
order  wave  forces  produce  oscillations  with  periods  b-30  -econd.  . 
Dynamic  effects  such  as  hawser  snapping  and  wave  impacts  on 
hawser  cause  oscillations  at  even  higher  frequencies.  For  our 
study,  a sample  time  of  10- 30  seconds  would  filter  out  the 
higher  frequencies  yet  still  describe  the  low  frequency  oscil- 
lation well. 

Determination  of  the  maximum  and  mean  hawser  tension 
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within  an  acceptable  length  of  time  requires  special  treatment 
of  the  data.  Typically,  there  will  be  only  three  to  five  drift 
oscillations  per  hour.  Since  the  environment  changes  signifi- 
cantly in  an  hour  it  is  desirable  to  evaluate  the  mean  and 
maximum  hawser  tensions  in  a similar  time  span.  The  small 
number  of  oscillations  per  hour  requires  that  the  beginning  and 
length  of  summation  periods  must  be  carefully  chosen  to  get 
reliable  estimates  of  the  mean.  The  tanker  oscillation  is 
approximately  symmetrical  so  that  there  are  two  tension  peaks 
per  cycle.  In  changing  environmental  conditions  one  of  these 
peaks  will  be  consistently  higher.  The  variation  of  maxima 
will  be  reduced  if  only  the  largest  of  the  two  peak  forces  per 
cycle  is  recorded. 

The  determination  of  the  maximum  hawser  tension  for  each 
hour  is  not  easily  treated  statistically . Examination  of  full 
scale  hawser  tension  records  shows  that  each  cycle  is  not  an 
independent  event.  Short  of  analyzing  the  transient  behavior 
of  the  SPM  in  changing  environmental  conditions  as  described  in 
Appendix  E,  a reliable  estimate  of  the  variation  of  the  maximum 
hawser  tension  cannot  be  made  with  less  than  several  hours  of  a 
steady-state  environment.  The  time  when  a load  prediction 
scheme  is  most  needed,  however,  is  when  the  environment  is 
changing  rapidly. 

The  problem  of  evaluating  the  mean  hawser  tension  is  con- 
slderably  less  difficult.  An  initial  mean  force  may  be  obtained 
using  available  results  as  described  in  Section  D-2.  A new  cor- 
rected mean  hawser  tension  can  then  be  estimated  by  summing  the 
values  for  each  cycle.  A corrected  mean  force  can  be  accurately 
determined  every  half  hour  using  a summation  of  forces  for  the 
past  hour  or  half  hour.  Thus,  prediction  of  maximum  hawser 
tension  based  on  measured  mean  loads  may  be  more  consistent  than 
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similar  prediction  based  on  measured  maximum  loads. 


D . 2 HAWSER  LOAD  PREDICTION  TECHNIQUES 


Based  on  the  NSMB  LOOP/Seadock’  model  data  (Remery  and 
Wichers,  1975) > the  mean  and  maximum  hawser  loads  can  be  related 
to  a measure  of  the  total  environmental  forces  on  the  ship.  An 
environmental  force  parameter,  F , has  been  defined: 


F = .02  H,3  p gB  + .5  V 2 p A I-  .5V  2 p BT  [D-l] 
m S w m a T c w 

where : 

A,^  is  longitudinal  projected  area  of  the  above  water 
hull. 


Hi  is  significant  wave  height. 


Pw  is  water  mass  density, 

g is  gravitational  acceleration 

V is  mean  wind  velocity, 
m 

Vc  is  current  velocity, 

p^  is  air  mass  density, 

B is  ship  beam,  and 
T is  ship  draft. 

The  expression  for  F is  based  on  the  assumption  ' that  the  waves, 

m 

wind  and  current  come  from  the  same  general  direction. 


Figures  D-l  and  D-2  show  data  from  the  NSMB  operational 

study  (Remery  and  Wichers,  1975)  plotted  against  F^.  The 

correlation  between  F and  the  mean  hawser  tension  shown  in 

m 

Figure  D-l  is  good.  A linear  function  of  F will  estimate  all 

m 

mean  hawser  tensions  within  15' percent.  The  correlation  for  a 
particular  set  of  wind,  wave  and  current  headings  and  a given 
ship  is  better  in  the  full  load  condition  than  in  the  ballast 
condition.  In  the  ballast  condition  the  hawser  loads  for  the 
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most  severe  environment  fall  10-20  percent  above  the  line  defined 

Jj 

by  the  less  severe  environments.  Attempts  were  made  to  correlate 
this  non-linearity  with  the  magnitude  of  the  tanker  motion  and 
the  non-lir.earity  in  the  hawser  force  displacement  relation. 
Although  seme  runs  correlated  well,  the  overall  agreement  was 
not  good . 

The  maximum  hawser  tension  also  correlates  with  ? but 

m 

shows  a larger  scatter,  as  shown  in  Figure  D-2.  The  relationship 
is  more  linear  in  the  full  load  condition  that  when  the  ship  is 
in  the  ballast  condition.  The  absolute  magnitude  of  the  scatter 
is  larger  in  the  milder  environments  than  it  is  in  the  more 
severe  ones.  This  error  is  probably  statistical  in  origin. 

The  peried  of  motion  approaches  the  length  of  a test  cycle  for 
the  larger  tankers  in  the  milder  environments.  Any  maximum 
forces  measured  over  one  or  perhaps  two  tanker  oscillations 
will  probably  underestimate  the  actual  maximum.  A more  sophis- 
ticated analysis  relating  the  magnitudes  of  the  tanker  motion 
with  the  ratio  of  maximum  to  mean  loads  would  be  possible  with 
a larger  body  of  test  data,  and  with  data  for  longer  duration 
tests  . 

d.3  prkd:  irior;;.!  schemes 

There  are  a number  of  ways  in  which  the  processed  envirer- 
, mental  data  described  in  Section  D.l  and  the  general  predictions  1 

approach  described  in  Section  D.2  can  be  combined  into  a usable 
predict ior.al  scheme.  Four  distinct  methods  have  been  selected 
for  discussion.  These  are: 

1.  Prediction  of  peak  load  from  predicted  environ- 
ment (wind  speed,  wave  height  and  current  speeds 
using  a fixed  empirical  equation  based  on  results 
such  as  shown  in  Figure  D-2. 
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2.  Prediction  of  peak  load  from  predicted  environ- 
ment using  empirical  equations  which  are  appli- 
cable only  to  the  tanker  size  of  interest  (per- 
haps 5 separate  equations  would  be  used). 

3.  Prediction  of  peak  load  as  in  approach  2,  except 
that  the  empirical  equation  would  be  modified 

or  updated  using  data  obtained  during  the  earlier 
part  of  the  mooring  sequence. 

4.  Prediction  of  mean  load  as  in  approach  3,  and 
use  of  an  empirical  relationship  between  mean 
and  peak  load  applicable  to  the  tanker  sice  of 
interest . 

These  methods  are  briefly  described  below. 

It  should  be  noted  that  any  empirical  relationship  such  as 
shown  in  Figures  D-l  and  D-2,  is  applicable  only  to  a general 
environmental  configuration  (relative  headings  of  wind,  waves 
and  current).  It  is  expected  that  load  predictions  will  be  of 
importance  only  for  severe  environments  where  wind  and  waves  are 
likely  to  be  nearly  aligned.  It  is  not  certain  that  means 
will  be  provided  for  measuring  wave  direction,  and  observations 
of  wave  direction,  particularly  for  confused  seas,  may  be  rather 
inaccurate . 

The  first  approach, us ing  an  upper  bound  derived  from  a 
large  body  of  measurements  at  a particular  SPM, gives  a quick 
and  conservative  estimate  of  hawser  load  relatively  free  from 
the  problems  associated  with  trying  to  measure  enough  maxima 
to  insure  statistical  reliability.  This  procedure  cannot, 
however,  reflect  the  effect  of  differences  in  heading  angles  and 
ship  parameters. 
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In  the  second  approach  one  could  use  equation  [D-ll  or 
could  start  with  an  expression  of  the  general  form: 


F = A + BHi  + CV  . + DV  * 
max  ? w c 


[D-2] 


The  unknown  constants,  A,  B,  C and  D,  could  be  determined  and 
stored  for  tankers  of  various  sice  ranges  which  moored  at  the 
SPU. 

In  the  third  approach  these  coefficients  would  be  updated 
after  the  tanker  has  been  moored  for  several  hours  using  some 
type  of  weighted  least  squares  method.  This  procedure  reflects 
the  typical  wind,  wave  and  current  heading  angles  occurring  at 
the  SPM,  but,  might  be  inaccurate  for  unusual  combinations  of 
headings . 

Due  to  the  difficulty  in  evaluating  the  maximum  hawser  load 
it  may  be  better  to  use  a fourth  approach  in  which  the  mean  load 
is  determined  using  an  equation  of  the  same  form  as  LD-2j.  The 
maximum  load  would  then  be  determined  using  a fixed  relationship 
between  mean  and  peak  loads  . The  mean  hawser  force  may  be 
estimated  fairly  accurately  in  two  or  three  cycles  of  motion  by 
starting  and  stepping  the  integration  tit  points  of  maximum  load. 
At  1000  seconds  per  tanker  oscillation  the  mean  hawser  tens  ion 
could  be  reevaluated  about  every  half  hour. 

The  main  difficulty  with  the  last  two  approaches  described 
is  the  difficulty  of  evaluating  the  mean  and  maximum  hawser 
tension  in  a short  enough  time  span.  For  short-term  predictions, 
the  change  in  the  probable  maximum  hawser  load  in  one-half  to 
one  hour  is  of  interest.  Since  typical  periods  of  motion  are 
one-third  to  one-fifth  of  an  hour,  response  determined  for  a one- 
hour  period  may  contain  long  transients.  In  such  cases,  predic- 
tions based  on  steady  state  measurements  may  not  be  accurate. 


MEAN  HAWSER  TENSION  / DISPLACEMENT 


FIGURE  D-l  - VARIATION  OF  MEAN  HAWSER  TENSION  WITH  ENVIRONMENTAL  FORCE  PARAMETER 


MAXIMUM  HAWSER  TENSION  / DISPLACEMENT 
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APPENDIX  E 

TIME -DOMAIN  SIMULATION  CF  SPM  FEHAVTOR 

A single  point  mooring  system  consists  of  a buoy  and  its 
associated  anchoring  system,  a hawser  and  the  tanker.  The  final 
goal  of  the  simulation  described  here  is  to  predict  the  hawser 
loads  for  a given  hawser,  buoy,  ship  and  environment . This 
capability  combined  with  an  environmental  forecasting  capability 
would  provide  a means  of  increasing  the  safety  and  efficiency 
of  SPM  operation.  The  intermediate  goal  for  this  simulation  is 
to  demonstrate  that  all  of  the  principle  characteristics  influ- 
encing hawser  loads  are  understood  and  can  be  modeled  using 
acceptable  computer  time. 

E.l  THEORETICAL  APPROACH 

The  simulation  models  the  SPM  and  tanker  with  five  equilib- 
rium equations,  one  for  each  of  the  allowed  degrees  of  freedom. 

At  each  time  step  the  forces  on  each  element  of  the  system  are 
estimated  and  the  resulting  accelerations  of  ship  and  buoy  are 
calculated.  Numerical  integration  of  the  acce lerat ior.s  give  the 
velocity  and  position  of  each  element  at  the  next  time  step. 

The  process  is  repeated  until  a time  history  of  suitable  length 
is  obtained. 

E.1.1  Equations  of  Met  ion 

The  motions  of  the  SPM  system  are  described  using  the  two 
coordinate  systems  shown  in  Figure  E-l.  The  Oxy-  system  is 
fixed,  with  origin  at  the  initial  equilibrium  location  of  the 
buoy.  The  Oxyz  system  coincides  with  the  ship  axes,  with  origin 
at  the  ship  center  of  gravity.  The  equations  describing  the  buoy 
surge  and  sway  are  written  in  the  Oxyr  coordinates. 

The  equations  describing  the  ship  surge,  sway  and  yaw  are 
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written  in  the  Oxyz  coordinates.  These  equations  are  given 
below : 


Buoy  Surge 


(M  + M ')  X = BX  + BX  + B-u  + 
' D b wv  h u 


BX 


m 


Buoy  Sway 


( Mw  + ’•!')  Y = BY  + BY^  + B-v  + BY 
' b ' wv  h u m 


Ship  Surge 


M (u  - vr)  = X + X ^ + Xt 
s'  ' wv  wd  h 


+ p/2  L4  [Xrr»  r2] 


+ p/2  L3  [X.'u  + Xwr'vr] 


vr 


+ p/2  L2  [Xvv-v2  + Xnn-  |u|u] 


uu 


Ship  Sway 


M (v  + ur)  = Y + Y + Y, 
s'  ’ wv  wd  h 


+ p/2  L*  [Yj.'r  + Yr|r|'  r|r|  ] 

+ P/2  [Y. • v] 

+ p/2  L»  [Yr'ur  + Yv)r|’  v|r| ] 

+ p/2  L2  [Y#  1 u2  + Yv'uv  + Yv  | v | ' VM1 


Ship  Yaw 


N 

+ 

N , + 

N 

wv 

wd 

h 

P/2 

L6 

Oj.1 

• 

r + 

N ’ 

r |r  1 

r 1 r l ] 

P/2 

L4 

[N.  1 

V 

v] 

P/2 

L4 

tv 

ur  + 

l v l r 

|v|r] 

CM 

CL 

L3 

tv 

u2  + 

N ' uv 

V 

+ Nv|v 

= N. 


The  coefficients  in  the  maneuvering  equations  are  defined 
as  follows: 
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N • - — - — 

v tpi3v 


First  order  coefficient  used  in 
representing  N as  a function  of  v 


Coefficient  used  in  representing 
N as  a function  of  v 


"M: 


Coefficient  used  in  representing 

N as  a function  of  v 
r 


Nv|v| 


Nii' 
V V 


Second  order  coefficient  used 
in  representing  N as  a function 

of  v 


= X force  due  to  waves 


= X force  due  to  wind 


= X force  due  to  hawser 


= Y force  due  to  waves 


= Y force  due  to  wind 


= Y force  due  to  hawser 


= moment  due  to  hawser 


= mass  of  ship 


= moment  of  inertia  of  ship  about  Z axis 


= length  between  perpendiculars 
= mass  density  of  water 


buoy  mass 


buoy  added  mass 


-E.3- 


BX 

wv 

= 

X 

force 

on  buoy 

due 

to 

waves 

BY 

wv 

2 

Y 

force 

on  buoy 

due 

to 

waves 

BX, 

h 

= 

X 

force 

on  buoy 

due 

to 

hawser 

BYh 

2 

Y 

force 

on  buoy 

due 

to 

hawser 

BX 

m 

2 

X 

force 

on  buoy 

due 

to 

mooring 

BY 

m 

= 

Y 

force 

on  buoy 

due 

to 

mooring 

B- 

u 

= 

damp ing 

coefficient 

u 

= 

• 

X 

V 

2 

• 

y 

r = <|i  = angular  velocity  of  tanker 

x,  y = acceleration  of  buoy  in  x and  y directions 

E . 1 . 2 Hydrodynamic  Forces  on  Tanker 

The  ship  motion  equations  in  the  horizontal  plane  are  based 

on  the  non-linear  ship  maneuvering  equations  (Goodman,  et  al  . 

1976 ). These  equations  were  modified  by  omitting  the  propulsion 

and  rudder  terms  and  adding  a resistance  term  X UU  to  the  surge 

uu 

equation.  The  maneuvering  coefficients  experimentally  deter- 
mined by  HYDRONAUTICS  for  the  MARAD  Series  model  H (Gertie r, 
et  al.,  1974)  were  used  for  the  computer  simulation.  The  man- 
euvering coefficients  were  determined  for  several  depth-draft 
ratios,  so  that  shallow  water  effects  were  accounted  for  in  the 
computer  simulation. 

The  maneuvering  equations  are  strictly  valid  only  at  the 
test  Froude  numbers  and  for  motions  which  generate  sway  velocities 
which  are  small  with  respect  to  the  forward  velocities.  To 
check  the  validity  of  these  equations  at  low  Froude  numbers  and 
large  sway  velocities,  comparisons  were  made  with  experimental 


r 


measurements  made  on  a different  vessel  at  1,  2,  and  3 knots 
and  all  angles  of  attack.  The  results  agreed  qualitatively. 

The  surge  maneuvering  equation  was  modified  to  include 

an  X term  which  gives  the  resistance  force  in  the  X direction 
uu 

due  to  a motion  in  the  X direction.  The  following  procedure  was 
adopted  (Altmann,  1971): 


Xuu  'U,U  = ^plulu  SC 


R 


CD  = C + C_ 
R r F 


CF  = 


0.456 


(l°g10  R) 


2.5^ 


1700 


Prandtl-Schlicting  eq. 


This  reference  gives  C values  for  tanker  shapes  which  range 
from  0.0004  in  the  ballast  condition  to  0.0008  when  fully  loaded, 
A mean  value  of  0.0006  was  used  for  calculations.  No  allowance 
for  roughness  or  appendage  drag  was  made. 

E.1.3  Hydrodynamics  and  Mooring  Forces  on  Puoy 

The  SALM  3-IH  and  CALM  buoys  used  in  the  NSMB  Loop/Seadock 
tests  (Remery  and  WIchers,  1975)  were  modeled  for ' the  computer 
simulation.  The  buoy  properties  are  listed  below. 


SALM  3-III 

CA  LM 

Installed  Displacement,  tons 

465 

412  1 

Gross  Displacement,  tons 

Includes 

(Displacement  when  completely 
immersed ) 

550 

— 

► of 

water 

Weight  in  Air,  tons 

203 

337  j 

in 

ski  rt 

Height,  ft 

38 

17.06 

Diameter,  ft 

24.5 

39-37 

Anchor  Chain,  lbs/ft 

- 

433 

Non-dimensional  Added  Mass  Co- 
efficient (van  Oortmerssen, 

1971) 

H 

co 

• 

.46 

-E.5- 


The  buoy  viscous  drag  force  was  computed  from 


B-  = .5  p V3 C hd 
u rw  D 


where 

ibj  = drag  force, 
h = buoy  draft,  and 
d = buoy  diameter. 

The  drag  coefficient  Cp  was  based  on  an  empirical  fit  to  data 
(van  Oortmerssen,  1971): 

C = .791*  + .397  (h/D)*  + .0112  (h/D)  (h/d)a  - .124  (h/D)a  (h/d) 

where  D is  the  water  depth. 

E.1.4  Environmental  Forces 

The  current,  waves  and  wind  combine  to  generate  a complex 
set  of  forces  which  act  on  the  SPM  system.  The  forces  generated 
by  current  are  accounted  for  in  the  basic  equations  of  motions 
described  earlier.  Wave  and  wind  Intensities  .vary  in  a random 
manner  and  therefore  must  be  described  statistically  with  an 
appropriate  energy  spectrum. 

E.1.5  Wave  Forces 

Waves  produce  two  types  of  forces;  first  order  oscillatory 
forces  at  the  wave  frequency  and  second  order,  steady  and  low 
frequency  drift  forces.  The  first  order  forces  are  much  larger 
in  magnitude,  but  their  high  frequencies  (typical  periods  are 
5-15  seconds)  make  them  relatively  unimportant  for  the  char- 
acteristic slow  drift  oscillations  of  a moored  tanker.  For 
such  oscillations,  steady  and  low  frequency  forces  must  be 
considered. 
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The  computer  simulation  describes  the  statistical  proper- 
ties of  ocean  waves  with  the  two  parameter  Bretschneider  spec- 
trum. For  a significant  wave  height  and  mean  apparent  wave 
period,  the  energy  content  at  a given  frequency  is 


S (id)  = A uf6  e 


-Buy’4 


where 


k = (Ti/24.17)  (4g/h,)% 


A = .0081  ga  k'4, 
B = 4A  (h^)' 


1 - a 


Tx  = mean  apparent  wave  period, 
h,  = significant  wave  height, 

3 

id  = frequency,  radians  per  second,  and 
g = gravitational  acceleration. 


When  k = 1 this  spectrum  becomes  the  well-known  Pierson- 
Moskowitc  spectrum. 


The  mean  wave  drift  force  in  an  irregular  sea  may  be 
expressed  in  terms  of  the  wave  spectrum  and  the  drift  force  in 
regular  waves  (Pinkster,  1Q74): 


Fm  = Lpg  I R2  ( id)  S (ui)  du, 


where  the  reflection  coefficient  R(uj)  is  giv<?n  by: 


Ra ( uj)  * Fd/[*5  peC2L] 


1 


— 


i 
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where 

F^  = drift  force  in  regular  waves  of  frequency  uj, 
p = water  mass  density, 

£ = wave  amplitude,  and 
L = LRP  or  beam. 

R(ui)  is  a function  of  ship  draft,  water  depth  and  hull  shape. 
Measurements  of  R(m)  for  a series  60  hull  of  0.8  block  coeffi- 
cient in  a water  depth  four  times  the  vessel  draft  were  used 
for  this  simulation  (Fernery  and  Van  Oortmerssen,  107?). 

The  wave  drift  force  produced  by  regular  waves  is  steady. 
However,  in  an  irregular  seaway,  wave  groups  will  provide  ex- 
citation at  very  low  frequencies.  The  statistics  of  wave  groups 
can  be  described  by  the  energy  spectra  of  the  wave  envelope.  The 
envelope  amplitude  is  one-half  the  distance  between  a line  which 
connects  the  wave  peaks  and  a line  which  connects  the  wave 
troughs  as  shown  in  Figure  F-2. 


It  is  assumed  that  the  instantaneous  drift  force  is  pro- 
portional to  the  square  of  the  wave  envelope  amplitude.  It  is 
(Nolle  and  Hsu  1972':  that,  in  normalized  form,  the  spectra  for 
envelope  and  the  squar-  of  the  envelope  are  equal  and  can  be 
expressed  as 


shewn 


the 


r S,(  t)  S.  (t+uu!  dT 

EM  = - 

f S =(x)  dx 

OJ  Q 


A time  history  of  the  amplitude  squared  of  the  envelope 


can  be  approximated  by  a series  of  cosine  functions  as 


where 


E ( t ) 


N 

= ^ C°S  (t^  + V ^ 

k=l 


ck  = VEH)  (V‘Bk-i)'  and 

cjj^  = random  phase  angle. 

The  instantaneous  drift  force  may  now  be  written  as 

f N 


K(t)  = Fm  l 1 + £ [Ck  cos  (K  + c,)]  ; 


k=l 


J 


Tile  forces  and  moment  due  to  waves  at  any  heading  to  the 
ship  are: 

X = .5  pgB  F(t)  cos  (\f  ) Icos  (*  ) I 

wv  w 1 w 1 

Y = .5  pg  LBP  F(t)  sin  (if  ) I sin  ( y M 

N = .5  p g LBP  F(t)  (.01)  sin  (2g  ) 

wv  w 

where  + .01LBP  is  the  effective  longitudinal  center  of  the  wave 

force  (Wise  and  English,  197B^  and  t equals  the  angle  between 

w 

the  ship  heading  and  wave  direction. 

For  the  buoy,  only  mean  wave  forces  were  considered,  as 
forces  on  the  buoy  are  much  smaller  than  forces  on  the  ship. 
The  mean  force  on  the  buoy  is  (van  Oortmerssen,  19  '1 ) : 

Fb  = .33  dpg  R(ufc,d) 


where 


d = buoy  diameter. 
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- frequency  corresponding  to  period  , and 
R(u>x>d)  = analytically  determined  reflection  coefficient. 


i 

•: 
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E.1.6  Wind  Forces 


The  forces  and  moments  acting  on  the  ship  due  to  wind  were 
calculated  using  the  instantaneous  wind  velocity  at  the  vertical 
location  of  the  center  of  area.  The  wind  velocity  is  assumed  to 
consist  of  two  components  having  the  same  direction,  a 
mean  velocity  and  a random, time  varying  velocity.  The  time 
varying  velocity  is  assumed  to  he  described  by  the  Davenport 
Spectrum  (Davenport,  i960).  This  spectrum  is  defined  by 

4 kV  3 x 

S(n)dn  = — — 7—1 — rlx 

(l+x3)473 

where 

S(n)  = the  energy  per  unit  frequency  (Ft  sec'3, 
dn  = frequency  increment  in  Herts, 

K = surface  drag  coefficient, 

V = mean  wind  velocity,  and 

m 

x = a frequency  parameter  URoOn  V 

m 

Herts  sec/ft. 


A K of  .012  is  assumed  to  be  appropriate  for  wind  blowing 
over  waves.  With  this  K the  RMS  value  of  the  steady  wind  is 


o 


The  unsteady  wind  velocity  is  generated  by  dividing  the 
energy  spectrum  into  five  bands  of  equal  energy  and  representing 
each  energy  band  by  a velocity  component  having  one-fifth  the 
total  energy.  The  magnitude  of  these  sinusoidal  velocity  com- 
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ponents  Is: 


V 


V6kV  a/5 

m 


.12  V 

m 


The  frequency  of  each  component  Is  chosen  to  give  the  same 

energy  distribution  as  given  by  the  Davenport  spectrum.  The 

maximum  velocity  will  be  V + 5 ( . 12  V 1 = 1.6  V which  agrees 

m m m 

well  with  various  data  given  by  Davenport.  The  instantaneous 
velocity  is  given  by 


V(t) 


V 1 
m 


5 


n=  1 


sin  (w  t + co  ) 
n n 


where 


w = frequency  of  nth  component  of  wind,  and 
cp  = random  phase  angle. 

The  component  frequencies  and  periods  for  a .'5  knot  wind 


are : 


n 

_x 

a)' 1 rad/sec 

T = Sr 

1 

0.61 

0 . 04 

157 

2 

1.38 

0 

• 

0 

'£) 

70 

3 

2.65 

0.17 

37 

4 

6.00 

0.39 

16 

5 

31.6 

2.04 

3 

These  values  were  used  for  wind  speeds  from  lr-«  to  45  knots 


The  effective  wind  velocity,  which  includes  the  effect  of 
the  boundary  layer  at* the  water  surface,  was  based  on  available 
empirical  data  (Altmann,  19711: 


V 

we 


[(ut-V(t)  COS  /?  )2  + (V+V(t) 

W 
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where 


zca  « the  vertical  center  of  projected  area  of  ship, 
u = longitudinal  ship  velocity 
V = transverse  ship  velocity,  and 

/3  = angle  between  wind  velocity  vector  and  ship 

w 

longitudinal  axis. 


The  wind  angle  in  the  ship  coordinates  is 

u + V( t)  cos  8 \ 
^we  = tan  1 V + V(t)  sin  p ] 


Based  on  the  sketches  given  in  the  NS MB  Summary  Report  th 
following  estimates  were  made  for  a 350  MDWT  tanker: 


Design  Draft 


A sq.ft.  11,000 
px 

A sq.ft.  ? ? , 000 
py 

Zca  ft  17.5 


ft 


Ballasted  Condition  (.4RT’' 


10,o00 

81,800 

R6.5 


-62.1 

0.35 


er 

^ 


0.45 


Here 


A , A = axial  and  lateral  projections  of  area, 

px  py 

x = longitudinal  center  of  projected  area, 
ca 

Z = vertical  center  of  projected  area,  and 

ca  r 

Ad  = total  shift  in  longitudinal  center  of 

A 

pressure  expressed  as  a percent  of  LBF 
function  of  aspect  ratio. 

Axial  and  lateral  forces  and  yawing  moment  due  to  wind 
(from  Altmann,  1071)  are: 


X . = 

\ p C 

V a 

A 

cos  /? 

wd 

f a x 

we 

px 

we 

Y = 

£ p C 

V 2 

A 

sin  £ 

wd 

ay 

we 

py 

we 

N 

Y XT  ^ 

wd 

w LCF 

where  C , C = axial  and  lateral  drag  coefficients. 

X V 


x 


LCP 


x 

ca 


+ 


AH  • LBF  / m 

7 r | 2 


-7 T < S 

ew 


The  empirical  formula  for  XT  ,p  and  values  of  'v  - . ; and 

C = .871  were  determined  from  wind  tunnel  tests  <Altmann.  197-  • 

y 

Wind  forces  on  the  buoys  are  small  and  were  negleetei. 

E.1.7  Hawser  Properties 

Figure  E-3  gives  the  simulated  non-dimensional  force  dis- 
placement properties  of  a broken- in  2 in  1 type  nylon  hawse?'  manu- 
factured by  British  Hopes.  This  force  displacement  relation  was 
used  for  both  the  computer  simulation  and  the  NSMB  model  tests. 

E.1.3  .Vodelln.-t  of  Buoy  Mooring 

The  omnidirectional  force  displacement  relation  for  a SALE, 
buoy  is  derived  from  basic  hydrostatics  as: 

H = xB/  rs-x2 

where 

H = horizontal  force 
B = buoyancy  of  buoy 
D = water  depth 

x = horizontal  displacement  of  buoy. 
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The  force  displacement  relationship  for  a CALM  buoy  depends 
on  the  number,  pretension  and  orientation  of  the  catenary  anchor 
legs.  The  CALM  buoy  was  assumed  to  have  six  anchor  legs 
arranged  symmetrically.  The  force  displacement  relation  for 
each  anchor  leg  is,  from  the  equations  of  a catenary: 


x , . H „ 1 + H/(wD)  - 1 + 2H/(wD) 

D~1+^  H/(WD) 


((1  + 2H/(wd))‘ 


where  w is  the  submerged  weight  per  foot  of  the  anchor  chain 
and  x is  the  horizontal  displacement  of  the  given  leg.  The 
initial  displacement  is  determined  by  the  pretension. 

E.2  NUMERICAL  CONS ITERATIONS 

The  system  of  equations  governing  the  buoy  and  tanker 
motions  is  "stiff."  A "stiff"  set  of  equations  contains  two 
natural  frequencies  which  are  widely  separated.  In  this  case 
the  natural  frequency  of  the  moored  buoy  is  much  higher  than 
that  of  the  tanker.  Numerical  stability  requires  that  the 
integration  time  step  be  less  than  one  fifth  the  smallest 
natural  period  in  the  system.  However,  satisfying  this  require- 
ment results  in  a time  step  which  is  far  too  .mall  for  efficient 
calculations  of  tanker  motions.  The  program  efficiency  can  be 
Improved  by  using  a short  time  step  for  solving  the  buoy  equa- 
tions and  then  solving  the  tanker  equations  only  after 
each  n integrations  of  t]ie  buoy  equations.  Appropriate  values 
of  n for  these  cases  were  10  to  20. 

Using  this  procedure,  twenty  seconds  of  STM  simulation 
requires  one  to  two  seconds  of  computer  time  on  the  HYDRONAUTICS 
1130/META  4 Computer.  The  resulting  computer  cost  is  approxi- 
mately five  dollars  per  hour  of  simulation.  The  cost  would  be 
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somewhat,  leas  on  a large  commercial  computer.  Long  term  pre- 
dictions are  therefore  feasible  with  computers  comparable  in 
speed  to  the  11 30/META  4 . The  computational  efficiency  of  t he 
program  used  here  is  not  optimum. 

E.  3 RFFULTF  OK  FOMrUTKR  1 MP]  ATI  ON.’. 

Table  E-l  reviews  all  of  the  computer  simulations.  Table 
E-2  compares  results  obtained  from  computer  simulations  with 
corresponding  model  data  from  the  NbMH  Loop/f.cadock  model  tests. 
Table  E-3  presents,  results  from  computer  simulations  evaluating 
the  stability  of  the  moored  ship  under  the  Individual  influence 
of  wind,  waves  and  current.  Finally,  the  results  of  a systematic 
variation  of  wave  and  wind  heading  angles  is  presented  in 
Table  E-4. 

After  the  initial  transient  motions,  the  simulated  tanker 
oscillates  about  an  eouilibrlum  position.  The  maximum,  minimum 
and  mean  values  of  the  hawser  load,  bow  position  and  ship  head- 
ing angle  for  st  eady  state  oso  1 1 lat  tons,  as  tabulated  arc'  suf- 
ficient to  describe  the  PPM  response.  The  periods  of  tanker 
oscillatory  motion  are  approximately  1000  see'onds  for  the'  ballast 
condition  to  1 600  seconds  for  the  full  load  condition. 

before  discussing  the  general  :TM  behavior.  It  Is  useful 
to  examine  PPM  response  to  ste.ady  forces,  in  the  environment. 

Huns  1 -s  examine  the  RPM  response  to  the  Individual  lnfluenee 
of  wind , waves,  and  current.  For  these  runs,  the  mean  value  of 
the  time  dependent  force  Is.  used.  In  each  case,  a small  dis- 
turbance from  the  equilibrium  position  will  cause'  an  oscillating 
motion  which  will  grow  vmt.il  a steady  amplitude  and  period  Is. 
reached.  If  the  magnitude  of  the  applied  force  is  Increased 
the  steady  state  period  decreases  but  the  amplitude'  does  not 
change  s ignl f leant ly . 
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stability  in  current  and  gives  a stability  criteria  in  which 
staoillty  decreases  with  increasing  hawser  length.  The  restor- 
og  moment  provided  by  the  hawser  is  proportional  to  the  hawser 
tension  and  inversely  proportional  to  its  length.  The  disturb- 
ing moment  developed  by  the  ship  is  proportional  to  the  side 
iorct'  and  its  longitudinal  center  of  applicat  ion.  Therefore, 

reducing  the  ratio  of  0 /C  or  moving  the  shin  longitudinal 
1 wx  wy 

center  of  area  (LCAl  forward  will  reduce  the  stability  In  wind  and 
reducing  the  beam  to  length  ratio  will  reduce  the  stability  In 
waves.  Combining  more  than  one  environmental  influence  with 
different  headings  tends  to  stabilise  tin*  SPM  response.  When  the 
vessel  is  stable,  it.  will  move  to  an  equilibrium  posit  ion  and 
become  stationary. 

The  complete  response  of  the  SPM  may  be  viewed  as  the  non- 
linear combination  of  responses  due  to  the  steady  and  time  depen- 
dent components  In  the  environment.  if  the  SPM  is  stable,  the 
time  dependent  forces  cause  the  tanker  to  oscillate  with  a regular 
period  and  amplitude  and  an  equilibrium  position  determined  by  the 
mean  envi ronmental  forces.  When  the  f PM  is  unstable,  the  mean 
envi  rorunenta1  forces  will  produce  large  oscillatory  motions.  The 
effect  of  the  time  dependent  environmental  forces  on  the  unstable 
motions  is  not  clear. 

Computed  results,  agree  best,  with  experiments  when  the  enviro- 
mental  forces,  and  the  resulting  motions  are  large.  Run  tS , a 
ballast  condition  In  which  the  tanker  is  unstable,  produced  mean 
hawser  loads  and  motions  which  are  approximately  6 percent  of 
the  measured  values.  For  the  full  load  condition  in  t he  same 
environment,  runs,  7-11.  computed  mean  loads  and  motions  are  about 
60  percent  of  measured  values.  The  worst,  agreement  occurred  with 
the  least  severe  environment,  runs  Ul , 16  and  16.  In  these  runs. 
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maximum  excursions  of  the  bow  are  less  than  two  percent  of  the  ship 
length  and  the  change  In  heading  less  than  10  degrees. 

For  the  small  motions  observed  In  runs  14-16,  a linear 
system  using  the  local  rate  of  change  of  force  with  heading  for 
each  environmental  force  could  be  used  to  analyze  the  system 
response.  Such  a system  would  be  linear.  Therefore,  the  hawser 
loads  would  have  a linear  relationship  with  the  applied  forces 
which  in  turn  are  proportional  to  the  energy  contained  in  the 
environment.  This  may  explain  the  observed  correlation  between 
the  environmental  energy  and  hawser  loads  as  described  elsewhere 
in  this  report. 

The  ship  equilibrium  position  depends  on  the  relative  cur- 
rent, wave  and  wind  forces.  As  a result,  it  is  sensitive  to 
errors  or  changes  in  any  of  the  environmental  forces.  Examina- 
tion of  runs  6-11  Indicates  that  the  computed  equilibrium  posi- 
tion is  closer  to  the  fixed  x axis  than  is  the  measured  position. 
This  implies  that  the  mean  wave  force  is  underest  limited  relative 
to  current  induced  forces.  It  has  been  shown  (Muga  and  Fong, 

1976)  that  the  reflection  coefficient  for  water  depth  to  draft 
ratio  of  two  is  approximately  twice  that  for  deep  water.  In 
run  13  all  wave  forces  were  increased  by  a factor  of  two.  The 
computer  equilibrium  position  and  mean  hawser  force  are  ('loser 
to  the  measured  value,  but  the  ratio  of  maximum  to  mean  hawser 
force  is  not  improved. 

The  mea cured  ratio  of  maximum  hawser  load  to  mean  hawser 
load  is  consistently  greater  than  the  computed  ratio.  The  mea- 
sured ratio  ranges  from  5*73  to  2.48  where  the  computed  ratios 
were  from  3*07  to  1.04.  Agreement  for  maximum  loads  was  best 
for  cases  with  the  best  agreement  for  ship  motions.  There  is 
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clearly  a correlation  between  agreement  of  maximum  loads  and 
motions . 

In  the  NSMB  tests  environmental  conditions  typical  for  the 
proposed  port  location  were  used.  Other  combinations  of  wind 
wave  and  current  headings  may  produce  larger  hawser  loads.  Runs 
17-20  show  that  the  hawser  loads  decrease  uniformly  as  the  angles 
between  the  wind,  waves  and  current  increases.  The  hawser  loads 
are  30  percent  larger  when  all  of  the  environmental  disturbances 
have  the  same  heading  than  when  the  headings  from  the  NSMB  tests 
were  used.  Separating  the  headings  inhibits  the  unstable  tanker 
osc 1 1 lat ions  . 

The  measured  tanker  oscillations  have  a shorter  period  than 
the  simulated  oscillations.  This  difference  is  probably  due  to 
diallow  water  effects.  The  hydrodynamic  coefficients  used  in 
the  simulation  were  determined  at  a forward  speed  of  eight 
knots.  Added  mass  in  shallow  water  Is  speed  dependent,  and 
using  a shallow  water  coefficient  for  eight  knots  will  result 
in  over  estimating  the  shallow  water  added  mass  at  two  knots. 

Run  12  in  which  deep  water  maneuvering  coefficients  were  used 
shows  a shorter  period,  larger  motions  and  a larger  maximum 
hawser  load  to  mean  hawser  load  ratio  than  in  run  7,  the  corre- 
sponding run  using  the  shallow  water  coefficients. 

E Jl  rONdillgrONB 

The  computer  simulations  exhibit  the  same  types  of  motions 
under  t hi'  same  environmental  conditions  as  do  the  NSMB  experi- 
mental results;  however,  the  predicted  mean  and  maximum  hawset 
loads  are  consistently  low.  These  differences  may  be  due  to 
th«'  approx Imat t ons  used  for  the  environmental  loads.  Better 
estimates  for  tin*  wind  loads  and  hydrodynomi 0 loads  can  be 
obtained  by  using  standard  experimental  techniques.  Wav*'  drift 
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forces  and  moments  are  still  not  well  understood  and  systematic 
data  on  the  effects  of  depth,  heading  angle  and  irregular  wave 
trains  are  not  available.  Description  of  the  low  frequency 
components  of  the  wave  drift  and  wind  drag  forces  are  particularly 
important  in  determining  the  amplitude  of  motion.  A better  nu  ai:. 
for  estimating  these  forces  is  essential  for  good  quant itat l v< 
predictions  of  moored  ship  behavior  and  hawser  loads. 
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FIGURE  E-l  - DEFINITION  OF  COORDINATE  SYSTEMS 


FIGURE  E-2  - VARIATION  OF  WAVE  ENVELOPE  HEIGHT  WITH  TIME 


APPENDIX  F 

METHODS  FOR  PREDICTING  WAVE  HEIGHTS  AND  CURRENT 

It  Is  not  feasible  within  the  scope  of  this  study  to  con- 
sider, in  detail,  the  many  available  methods  fcr  predicting 
wave  heights  and  current.  In  general,  it  is  not  possible  to 
recommend  the  methods  most  suitable  for  use  in  a MLPS,  although 
some  methods  which  may  be  appropriate  are  discussed  in  this 
Appendix . 

It  appears  very  likely  that  a U.  S.  DWP  will  rely  on  the 
services  of  a company  providing  continuous  wind  and  wave  pre- 
dictions. Such  a service  and  the  prediction  method-  ised  !v 
the  service  are  described  in  a recent  OTC  paper  .'Si1.  v - r ! a 
and  Skees,  1978).  Twelve  hour  wave  predictions  hav  ' : 'er. 
shown  to  be  in  good  agreement  with  measured  wave  r - >r  : 

(Silveria  and  Skees,  1Q?9^. 

F.l  PREDICTION  OF  EAVT.  HEIGHTS 

A wave  height  predictional  method  selected  for  use  in  a 
MLPS  should  be  suitable  for  use  in  a relatively  simple  eom.put  r 
program.  It  must  be  capable  of  predicting  wave  height,  f.  r 
relatively  shallow  water  (say  100  feet  water  depth  art  should. 
Ideally,  be  capable  of  accounting  for  spatial  and  tempera! 
variations  of  wind  velocity.  Published  methods  do  not  a; pea: 
to  meet  these  requirements.  Available  prediction  methods  a”" 
most  highly  developed  and  most  adequately  validated  for  . p 
water  waves.  Methods  for  predicting  waves  in  shallow  wat-r  *. 
water  of  decreasing  depth  (such  as  on  the  Continental  Shelf 
where  U.  S.  DWP's  are  likely  to  be  located)  are  less  satis;':  Mery. 

Predicted  wave  heights  are  generally  of  interest  for  DK ik- 
on ly  during  periods  of  increasing  wave  height,  and  hence  decay- 
ing wave  conditions  are  not  of  interest.  Maximum  hawser  loads 
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will  generally  result  (at  least  for  the  Gulf  of  Mexico)  from 
squalls  of  short  duration  and  limited  area.  All  DWP  operations 
will  be  shut  down  well  before  the  onset  of  hurricanes  or  other 
large  storms.  A wave  prediction  method  selected  for  use  at  a 
DWP  should,  therefore,  be  suitable  for  treating  waves  resulting 
from  squalls,  or  other  short-term  phenomena. 

F .2  PREDICTION  OF  WAIT  HEIGHTS  IN  DEEP  WATER 

There  are  three  well-developed  methods  for  wave  forecasting 
or  predicting  ( Bretschneider,  1957-68).  These  are  the  signifi- 
cant wave  or  SMB  method,  the  space-time  field  or  STF  method  and 
the  wave  spectrum  or  PNJ  method.  The  advantages  and  disadvan- 
tages of  these  methods  are  well  defined  in  (Bretschneider,  1967-6 
The  primary  advantage  of  the  SMB  method  is  its  extensive  vali- 
dation with  field  data  and  its  applicability  to  shallow  water. 
Another  method  which  may  be  useful  was  developed  by  Incue 
(Inoue,  1966). 

The  latest  SMB  method,  which  is  based  on  a set  of  equations 
first  given  by  Wilson  (Wilson,  1959 ),  is  based  on  the  *'ollowing 
equations  (Bretschneider,  1977): 
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where 


A 


= O.283 
B = 0.0125 
m = 0.42 


Cq  Is  the  phase  velocity  of  the  wave 
H is  significant  wave  height,  feet 

o 

T is  wave  period  for  maximum  energy,  seconds 
max 

F is  fetch  length,  feet 

U is  average  wind  speed  at  10  meters  above  water 

surface,  feet/second 
t is  duration  of  time 

These  equations  have  been  solved  graphically.  The  results  are 
reproduced  in  Figures  F-l  ana  r-C.  The  periods  shown  in  the 
figures  are  somewhat  incorrect.  This  method  or  figure  car.  be 
used  to  predict  wave  heights  with  changing  wind  speed 
(Bretschneider,  l 967-68 i.  However,  the  method  was  developed  for 
constant  wind  direction,  and  probably  cannot  be  used  when 
significant  changes  in  wind  direction  occur.  It  is  assumed  that 
the  predominant  wave  direction  is  the  same  as  the  wind  direction. 


The  SMB  method  and  the  other  methods  referenced  above  are 
not  ideally  suited  for  DWF  use  because  they  generally  involve 
numerical  integration  or  graphical  solution,  but  they  can 
certainly  be  used  as  the  basis  for  a method  appropriate  to  IMP 
use . 


F.3  FRF.PTVTIOH  CF  WAVF  HKIf.HTS  ON  THF  iVXTTXFNTA~  SHF:,F 

There  do  not  appear  to  be  any  wholly  satisfactory  methods 
for  predicting  wave  heights  on  the  Continental  Shelf.  Many 
available  methods  for  treating  shallow  water  waves  (Bretschnei- 
der, 1972)  are  not  applicable  to  the  water  depths  and  changes 
in  depth  associated  with  probable  DWP  locations  on  the 
Continental  Shelf. 


-F.3- 


A recent  method  for  predicting  wave  spectra  in  shallow 
water  and  particularly  for  predicting  the  change  in  wave  energy 
spectra  as  waves  move  from  deep  to  shallow  water  is  given  by 
Collins  (Collins,  1972).  This  method  requires  numerical  inte- 
gration of  a partial  differential  equation  describing  the  change 
of  wave  energy  spectrum  with  wave  depth,  distance  along  the  wave 
path,  wave  frequency  and  wave  group  velocity.  This  approach  may 
be  too  cumbersome  for  use  in  DWP  MLPS . It  should  be  feasible, 
however,  to  use  it  to  precalculate  appropriate  corrections  for 
representative  deep  water  spectra  predicted  by  methods  such  as 
described  in  Section  F.2. 

F.4  PREDICT  101.’  0?  CURRENTS 

Currents  are  generally  assumed  to  be  composed  of  three 

components : 

1.  Geostrophic  - due  to  large-scale  movements  of  oceanic 
waters  . 

2.  Tidal. 

?.  Wind-driven  or  Eckman  current  due  to  shear  forces  at 
the  air-water  interface. 

The  geostrophic  and  tidal  currents  are  generally  known  or  can 
be  determined  for  a given  location.  Geostrophic  currents  vary 
seasonally  while  tidal  currents  vary  on  an  approximate  12-hour 
cycle.  For  proposed  U.  S.  DWP  locations  (Gulf  of  Mexico''  geo- 
strophic and  tidal  currents  will  probably  be  small  enough  to 
neglect  in  predicting  mooring  loads,  but  this  should  be  con- 
firmed using  available  data  or  data  acquired  at  the  DWP  site. 

Wind-driven  currents  can  be  significant  for  strong  long- 
shore winds  (winds  parallel  to  the  coast).  The  prediction  of 
surface  currents  in  the  Continental  Shelf  with  parallel  depth 
contours  is  considered  by  Bretschne ider  (Bretschne ide r,  1967-68, 
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Part  1).  The  rates  of  longshore  current  speed  to  wind  speed  is 
given  by: 


where  V is  current  speed  in  feet  per  second 
U is  wind  speed  in  feet  per  second 
k is  surface  wind  stress  parameter 
K is  bottom  sea  bod  stress  parameter 
t is  duration  of  wind  speed  in  seconds 
a Ls  the  angle  of  the  wind  measured  from  a per- 
pendicular to  the  coast  line 
D is  water  depth  in  feet 

Bretschneider  recommends  the  use  of  values  of  k and  K of  3 x 10~° 
and  0.01,  respectively.  For  cases  where  the  wind  blows  toward  the 
coastline,  there  will  also  be  a component  of  surface  current  veloc- 
ity normal  to  the  coast  and  in  the  direction  of  the  wind.  Suitable 
methods  for  predicting  this  normal  component  do  not  appear  to  exist 
(Bretschneider,  1067-1968,  Fart  1). 

Figure  F-3  shows  steady-state,  nondimensiona 1 current  speed. 
Steady-state  current  speed  will  generally  occur  after  two  to  ten 
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FIGURE  F- 


- DEEP-WATER-WAVE-FORECASTING  CURVES  AS  A 
FUNCTION  OF  WIND  SPEED,  FETCH  LENGTH,  AND 
WIND  DURATION  ( FOR  FETCHES  1 TO  1,000NM) 

( FROM  BRETSCHNEIDER,  1967-68) 
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BRIEF  REVIEW  OF  POPS  1 BLF.  I -NO  DKKPWATKK  PORTS 

There  Is  currently  considerable  Interest  In  California  in 
LNG  Import  terminals.  Several  studies  of  such  terminals  have 
been  sponsored  by  Western  LNG  Terminal  Associates.  The  most- 
recent  was  .a  comprehensive  study  of  various  candidate  terminal 
concepts  by  Fairchild  Stratos  (Tatge,  et  al.,  1977).  Currently, 
the  State  of  California  is  sponsoring  studies  of  such  terminals. 
This  interest  derives  from  the  potentially  greater  safety  of 
offshore  rather  than  onshore  terminals. 


In  the  Fairchild  study  (Tatge,  et.  a!.,  1977)  five  terminal 
concepts  were  considered:  natural  Island,  artificial  islands, 
floating  facilities,  fixed  and  mobile  structures  and  subsea 
structures.  It,  was  concluded  that  all  concepts  wer-'  technically 
feasible.  Western  LNG  Terminal  Associates  (WLNGTA,  1^77',  In 
comments  on  this  report,  concluded  that  either  a floating  or  a 
subsea  facility  would  probably  bo  required.  These  concepts 
have  problems,  however,  including  liquid  traps  for  from  ship  to 
receiving  terminal  and  the  design  and  testing  of  the  rotary  gas 
joints  and  the  mooring  system  for  the  floating  structure. 

Table  G-l,  from  the  Fairchild  study,  shows  eharaet  e i- i s 1. 1 es 
of  various  proposed  terminal  concepts.  Nine  of  the  Id  concepts 
are  floating  facilities  >r  structures.  The  floating  structures 
are  generally  one  or  more  barges. 


The  floating  structures  will  generally  require  two  moorings, 
the  barge  mooring  and  the  ship-barge  mooring.  Typically,  it  is 
proposed  that  the  ship  be  moored  alongside  the  barge,  although 
this  type  of  mooring  permits  operation  in  less  severe  wind  and 
wave  conditions  than  those  with  a oi'M.  In  a number  of  proposed 


floating  concepts,  Table  G-l,  the  barge  or  barges  are  moored 
using  SPMs . In  the  subsea  concepts  the  above  water  portion  of 
the  structure  Is  generally  tower-like  and  the  ship  is  moored 
with  a SPM . 

It  seems  likely  that  if  LKG  import  DWPs  are  built  they 
will  probably  incorporate  one  or  more  moorings  and  that  mooring 
load  monitoring  systems  will  be  essential  features  of  these 
DWPs.  The  requirements  for  these  mooring  systems  are  likely  to 
be  different  than  those  for  an  oil  SPM,  however. 
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TABLE  G 1 - PROPOSED  LNG  TERMINAL  CONCEPTS  FROM  ( TATGE,  ET  AL,  1977) 
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ABS 

ALP 

ANSI 

BHC 

CALM 

DWP 

DWT 

IEEF 

LCA 

LNG 

LPG 

LVDT 

MARA  I) 

MLMS 

MLPS 

MLMS 

NDBO 

NEL 

NS  MB 

OTC 

OTS 

PPC 

SALM 

SALS 

SBS 

SPM 


LIST  OF  ABBREVIATIONS 

American  Bureau  of  Shipping 
Articulated  Loading  Platform 
American  National  Standards  Institute 
British  Hovercraft  Company- 
Catenary  Anchor  Leg  Mooring 
Deepwater  Port 
Deadweight  Ton 

Institute  of  Electrical  and  Electronic  Engine* 
Longitudinal  Center  of  Area 
Liquified  Natural  Gas 
Liquified  Petroleum  Gas 

Linear  Variable  Differential  Transformer 

U.S.  Maritime  Administration 

Mooring  Load  Monitoring  System 
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